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FOREWORD

This report presents the results of the Can Combustor Test Phase (Phase
I1) of the Alternate Fuels Combustion Research Program. The test pro-
gram was comprised of over a thousand tests with fifteen different test
fuels. The work was conducted under contract No. F33615-80-C-2002.
Program sponsorchip was provided by the United States Air Force Wright
Aerongutical lLaboratories (AFWAL), the Canadian Departments of National
Defence (CDND) and Regional Industrial Expansion (DRIE). Messrs. R.
Bradley, AFWAL, and J. Coleman, CDND, were the project administrators-.

Test fuel analysis was sponsored by CDND; results presented in Section
IIT are based lergely on inputs from Mr. J. Coleman and Mr. L.D. Gallop
of CDND. Fuel nozzle hardware for the program was supplied by Delavan
Manufacturing Co. (Duplex) and Ex-Cell-0 Corporation (Airblast). The
conperation of these organizations is appreciated. Test fuels were sup-
plied by AFWAL, CDND and P&WC. Blending material for Jer A-1 and JP4
were supplied by AFWAL.

Authors of this report wish to tnank the following P&WC personnel for
the ‘'r contributions to this program: Messrs. J.A. Saintsbury, J. Allan,
and M. Somji of Aerodynamics Engineering, Messrs. Y. Bergeron, R. Cyr
and R. Ouelette of Experimental Engineering, Mr. S. Monaghan, R & D
Support, and Mr. W. Sidorenko of Contracts Administration.

This report covers work conducted from 19 May 1980 through 20 February
1983.
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SECTION I

- INTRODUCTION

Almost all projections during the past decade forecasted reduced avail-
ability and increased cost of petroleum crudes. There heve recently
been some surpluses’ in oil supply and reductions in oil prices, but the
long terwm:scenarios still appear valide Only a limited amount of crude ‘
oil tan be converted into aviation kerosine according to present speci-
fications and there is also competition for middle distillate fuels from |
other product requirements. To insure continued availability of jet
fuele, there is a need to consider broadened specification fuels and
S fuels dJderived from new sources such as o0il shales and tar sands.
- Several investigations have already been carried out, or are under way,
to establish effects of fuel property changes on performance of gas tur-
bine systems. Many of the studies have involved commercial and military
aviation power plants, which generally use straight through highly
loaded annular combustion systems. However, most small aviation turbine
¢ engines used for helicopters, business jets, general aviation and auxil-
iary power units (APU), use reverse~flow annular combustion systems of
A moderate loadings and relatively high surface to volume ratios. The aim
' ) of the present program is to evaluate and identify potential problems
resulting from the use of relaxed specification fuels and fuels derived
from unconventional sources in small engines with reverse-flow annular
contustion systems. Specifically, the objectives of the program are the
following:

- Determine relationships between specific fuel properties and com-
bustor performance, combustor durability, emissions, fuel system
performance and durability, and fuel pumpability. The combustor
and fuel systems shall correspond to requirements of small gas tur-
bine engines of the type used in small utility and training air-
craft, busines3s jets, general aviation, and APU's.

. Petermine the effects of fuel properties on the performance of
single and dual-orifice pressure atomizing nozzles, air-blast
nazzles, and vaporizing nozzles. Examine the interrelationships
among fuel properties, fuel nozzle types, engine combustor types

i and performance.

. Provide conclusions and recommendations corcerning fuel specifica-
tion limits for existing, conventional combustor and fuel nozzle
designs, and for more advanced combustor and fuel nozzle designs
which employ state—of =the-art concepts.

The program consists of combustor rig and gas generator testing to

evaluate effects of fuel property variations on performance of three

small gas turbine combustion systems. Thesc¢ are:

i) Can combustion system - Phase II.

i1) Turboprup reverse-flow annular combustion system - Phase IILL.

1i1) Turbofan reverse-flow annular combustion system - Phase IlI.

) j
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This report describes the results of investigations with the can combus=-
tion system. The experimental program was comprised of tests with 15
different fuels covering a range of fuel property variations, as well as
shale and tar sand sources. Four different fuel spray/atomizing nozzle
types were considered - single orifice pressure, dual orifice pressure,
airblast and vaporizing nozzles. Combustor performance, exhaust emis-
sions, flame radiation, combustor wall temperatures, ignition character-

_ istics and similar data were obtained and analyzed. Detailed correla-
} " tions were made relating selected fuel properties to the performance and .
S durability parameters of the combustion system.
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SECTION I1

TEST PLAN

Phase 1 of the program formulated a detailed test planl for the can
combustor tests (Phase II), and a preliminary test plan for reverse-
flow-annular combustor tests (Phase II1). A 850 point test matrix wss
proposed for the can combustor tests, which was approved by AFWAL and
CDND. , The rationale for the can combustor test program and the descrip-
tion of the test matrix are given below.

2.1 RELATED STUDIES

Several investigations have been undertaken to evaluate fuel property
effects on performance and durability of both military and commerciel
gas turbine engines, and others are still under way. Jackson2 hac
summarized the investigations sponsored by AFWAL for the J-79, F=-100,
F-101, TF-41, J-57, J-85 and TF=39 combustion systems. In these pro-
grams the primary fuel properties varied were aromatics (single ring and
multi ring), hydrogen content (12% to 14.5% by weight), distillation
range (JP-4, JP-8 and diesel fuel), and distillation erd point (535-
616K). Experimental shale oil derived fuels were also included in some
of the more recent programs.

Tables 2.1 and 2.2 summarize the parameters studied in the different
programs sponsored by AFWAL. The J-79 program3 showed a strong effect
of hydrogen content on smoke, carbon deposition, liner temperature,
flame temperature and a moderate effect on NOx emissions; fuel volatil-
ity ‘and viscosity effects were evident only in the low power operating
range, while aromatic type and final boiling range produced no direct
effect on emissions or combustor performance. The F-1014 program found
similar trends, although the effect of hydrogen content on smoke was
somewhat less severe, see Figure 2.}, which is thought to be due to the
more advanced form of fuel preparation (airblast) in the F-=101
combustor.

An in-house program by AFWALS tected a T-56 single can combustor with a
broad range of fuels, and these verified the strong effect of hydrogen

) content on combustor liner wall temperature. On the basis of extensive
tests, a second order correlation was proposed between the fuel hydrogen
content and combustor wall temperature:

T, - To
T.P. = = Co + Cy(H) + Co(H)2

To -~ T3

Where T.P. = temperature parameter
T, = liner temperature
TLo = liner temperature with baseline fuel

T4 combustor inlet temperature
H hydrogen content %

The coefficients derived for JP4 fuels, with 14.5% hydrogen as the
baseline, were: T.P. = -.098 + .138H - .009HZ

-3 -
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Thae tests also showed that irrespective of the hydrocarbon structure of
the fuel blending component, combustor liner temperature varied primari-
ly with fuel hydrogen content.

NASA Lewis Research center has sponsored a number of studies evaluating
the impact of broadened specification fuels on commercial aircraft en-
gine combustors. These have examined the Experimental Referee Broadened
Specification (ERBS) fuel. Table 2.3 shows a comparison of specifica-
tions of Jet A and ERBS fuels. Significant property differences are the
allowable aromatic/hydrogen content and the increase in allowable dis-
tillation temperactures. The increase in distillation temperature also
necessitates a higher freeze point and increased viscosity, thus impact-
ing atomizotion in the starting regime. The decrease in the minimum
allovable breakpoint temperature implies that the thermal stability of
ERBS fuel will be poorer than that of Jet A.

An analytical study of the impact of ERBS fuel on high bypass ratio
commercial turbofan enginesé concluded that the use of ERBS fuel will
have the following major consequences:

- Increased radiant heat load produced by ERBS will cause substantial
deterioration in the life of the combustion liner and adverse
effects on the durability of turbine aerofoils.

- Increased CO and THC emissions at low power, although use of
improved fuel injector concepts may reduce the sensitivity of low
power emissions to higher fuel viscosity.

- Increased smoke emissions. Since smoke formation 1s strongly
dependent on detailed composition of fuel including cyclic and
non-cyclic compounds, use of hydrogen content may not be an
adequate parameter for characterizing fuel composition in this
regard. This conclusion is at some variance with results of other
studiess,

« Increased NOy emissions due to higher adiabatic flame temperatures.

. No aiteration will be required to the basic aerothermal definition
of the combustors studied, although changes to bétter optimize the
overall performance may be necessary.

2.2 SMALL ENGINE REQUIREMENTS

Small aviation turbine engines are largely used in small utility and
training aircraft, auxiliary power units, cruise missiles and helicop-
ters. Some of these typically have coufigurations as shown in Figure
2.2. The low pressure axial comprescor stages and the high pressure
centrifugal compressor stages are driven by an axial turbine. A sepa-
rate power turbine provides output for turboprop or turboshaft applica-
tions. The combustor geometry most compatible with the geometric
constrainte of small engine flow path is the reverse-flow annular confi-
guration, although straight-flow annular and can combustors are found in
some models. Advantages of the reverse-flow configuration are the

a

TN TR

LWy




T R e R B s O AR R LR A 0 4 AN S o ) 40k Aol i i DA SR A SIS Sl Sl 4 R A T A |

ab.1lity to make use of the available combustion volume, relatively low
combustor loading and simpler maintenance due to accessibility of fuel
injectors. The principal dissdvantage, however, is its comparatively
high surface-to-volume ratio inherent in the reverse-flow shape which
nakes liner cooling a difficult problem. The other difference is the
relatively larger pitching of fuel 1injectors which may affect exit
temperature distribution. The relatively low fuel flow per injector
res'ilts in small orifice sizes of pressure atomizers which may be prone
to blockage and malfunction with usage of inferior fuels.

The overall aim of the test program 1is to examine effects of fuel
properties on the performance of reverse-flow annular combustors uged in
the PWC family of turboprop and turbofan (PT6é and JT15D) engines. ‘the
advantage of can combustor testing was that it pormitted quick and cost
effective parametric investigations over a broad range of parameters
from which a final test plan could be developed for investigation of
reverge-flow annular combustion systems.

The JT15D family of turbofan engines has take-off ratings in the range

° of 2200-2500 1b thrust. The JTI15D-1 engine with a take-off rating of
2200 1b thrust, has a bypass ratio of 3.3:1, pressure ratio of 9.7:l,
and a total mass flow of 34 kg/sec (75 1lb/sec), With the JT15D-4 en-
gine, the thrust increase to 2500 1b has been achleved by the addition
of an axial boost stage compressor. While the total airflow remains at
34 kg/sec (75 lb/sec), the overall pressure ratio is raised to 10.2:1,
and the bypass ratio lowered to 2.68:1. Cross-sections of the JT15D-1
and the D-4 are shown in Figure 2,3.

The PTé family of gas turbine engines, with applications on both fixed
wing aircraft and helicopters; has rated SHP in the range of 550 to
1375. Table 2.4 shows performance ratings of PT6 turboprop engines.
While the basic engine envelope has remained largely the same, the in-
crease in power has been achieved by successive increases in air mass
flow, incorporation of cooled turbine vanes, and the addition of a
second power turbine stage., Figure 2.4 shows a cross-section of the PT6
engine, the operation of which will be simulated during combustion’
testing, along with that of the JT15D combustion system.

Figures 2.5 and 2.6 show the range of engine pressure ratio and turbine

inlet temperature vs engine power level8 for small gas turbine engines
» currently in use. For small aircraft propulsion engines, pressure
ratios range from 6:1 to 17:1 and turbine inlet temperatures range from
1200K to 1530K (2160R to 2760R). The engines chosen for the study are
PT6A and JT15D with the following sea level take-off parameters:

PT6A-41 (850 SHP) : Pressure ratio 8.2:1, TIT 1212K (2182R)
PT6A~65 (1300 SHP) : Pressure ratio 10:1, TIT 1309K (2357R)
JT! 5D-4 (2500 1b) : Pressure ratio 10.2:1, TIT 1280K (2304R)
JT.5D-5 (2900 1b) : Pressure ratio 12.1:1, TIT 1254 (2257R)

Thus the combustion system/engines chosen for the program are
representative of small gas turbine power plant.

-5 -
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Both PT6 and JT15D engines use reverse-flow annular combustors. The
JTI5D series of engines have axial fuel injection - 12 dual orifice
presgure jets of Flow Number 4.65 PPH/\/I-’SI « (Flow Number = Wg/+/AP).
The PT6 series of engines utilize 14 single orifice pressure jetc spray-
ing tangentially. The Flow Number of the PT6A-4]1 fuel nozzle is 1.55 :
PPHA/PST . |
2.3 COMBUSTOR PERFORMANCE CRITERIA
Based on the anticipated effects of fuel properties, the following
combustor parameters were chosen for investigation with the can
combustor system during Phase II.

« Emissions - CO, THC, NOy, smoke

« Combustion efficiency

« Flame luminosity and wall temperatures

« Carbon formation

« Ignition characteristics / cold starts

o Stability / lean limit performance

» Atomization - Pressure, airblast & vaporizing nozzles
Tests were categorized under the following headings:
i) Thermal paint tests
11) Thrust level tests (JT15D-4 simulation)
iii) Power level tests (PT6A-4]l simulation)
iv) Parametric tests

v) Lean limit tests

vi) Cold start tests

2.4 BASIS OF AIR FLOW DEFINITION

In the thermal paint, thrust and power level tests, all conditions are
related directly to engine operating performance data. Ir the
parametric, cold start and lean 1limit tests, all conditions are
bracketed around a point that is directly related to engine operating
perforuaiwce data.

Since performance data are available only at certain measurement
stations in the engine, whereas the can combustor rig simulated cnly the
combustor liner, some processing of these data is required to yield the
air mass flow through the engine combustor liner.
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Figure 2.7 illustratas schematically the combustor assembly in the
JC15D-4 engine and Figure 2.8 the combustor rig. Station 3 is the
aasurement station at the engine coapressor diffuser exit or the rig
a.r supply pipe, in both Figures 2.7 and 2.8 represented as the entrance
t)> the combustor casing. Performance data give the eir mass flow (Wj3)
ac this station in the engine. For the JTI5D-4 W3 is the total com-
pressor flow less some small bleads to the beurings; for the PT6A-A4l an
interstage bleed is also aubtracted that is quite large at low power
levels.

* In both engines, a significant purt of W3 goes into the combustor exit
duct (turbine entrance duct) and a smaller fraction is bled off for tur-
bine cociing and other miscellaneous uses. The percentage going into
the combustor 1linar is not measured but calculations based on flow
resistance of all possible flow paths give this percentage as 88X for
F' the JTI5D~4 and 80X for the PT6A-4]. Therefore we have a combustor
‘ liver air flow W, = ,88W3 in the JT15D-4 and W. = .8CW3 in the PT6A~4l.
In Figures 2.7 and 2.8 the location where W, would occur is shown as
station 4c.

To convert W, in the engine to W, in the can combustor rig, a method 1is
ssed that emphasizas simulation of emissions at low power (thrust) and
simulation of performar:e at high power (thrust). The emissions are
correlated by the loading parameter while the general performance 1s
correlated by the velocity parawater. These two modelling parameters
are, respectively.
K, ¥
. . l_¢
Air loading Parameter” i, = P31'8 e T3/K2Vc

w5

"Air Velocity Parameter” ﬁé = K3 —

.
& where:
Units
EPS st
We = combustor liner aiy flow 1b/s kg/s
P3 ~ corbuster inlet pressure atm MPa
. T3 = conb stor inlct temperature R K
. Ve = volume of combustor liner fed m3
A, = combustor liner flow area fe2 m2
K] = units conversion constant 1 1.035 x 1073
Ky = empiricsl constant 540 300
K2 = units conversion constant 5.143 x 1074 1.433 x 1072
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Py and T3 are the same in the can combustor rig as in the engine.
Therefore, the aodelling nnthoq is as follows. At low power (thrust),
. We 18 sat to render the same {J. in the rig as in the engine. This is
= Just the engine W, times the raiio of combustor liner volumes. At high
pover (thruet), W, {n the rig i3 set to yield the same M; in the rig as
in the engine. This is just the engine W, times the ratio of combustor
liner flow cross-sectioun areas.

These two extremes are defined at the ground idle and take-off condi-
! tisns. At power {thrust) levels between these points, the value of W,
in the rig {s tuken between the values thut would be correct according
ooc and No. The position of Wc between the values indicated by ). and
ﬁ; is in proportion to the position of the power (thrust) level bctween
ground idle and take-off. Figures 2.9 and 2.10 illustrate this graphic-

ally for the JT150-4 and the PT6A-4] respectively.

2.5 BASIS OF FUEL FLOW DEFINITION

For all cbnditions directly related to engine operating performance
data, the overall fuel-air ratio in the combustor liner should be the
same in the rig as in the engine. Having obtained the combustion liner
air flow W, in the wmanner described above, the fuel-air ratio is then

obtained as Wg/W. (dimensionless) where Wf is the total fuel flow. Wf
in the engine is determined for fuels other than Jet Al as the fuel flow

that would give the same ideal heat release rate H as Jet Al. There-
fore, when referring to several fuels at one condition H/W. is a ccnven-
ient expression of the fuel-air ratio.

YT

The numerical values for H, G and T4 in the following sections are based
on 43.04 MJ/kg (18520 BTU/1b), the average heating value of Jet Al.

2.6 FUEL NOZZJ.&~-TEST FUEL COMBINATIONS

A simplex fuel nozzle was chosecn as the primary type of atomizer for
Phuse Il testing. This trpe is standard on PT6 turboprop engires and is
the wost conmon type of atomizer In small engines. All 15 fuels were
evaluated with this nozzle, tests consisting of lean limit, thrust
ievel, power level, and parametric variations. Furthermore, six of the
fifteen fuels were chosen for tests with dual-orifice, airblast and
vaporizing nozzles. These were Jet Al, Jet Al/B2, JP4, JP4/B2, ERBS-3
and Tar Sands L-H. Lean limit, thrust level and parametric tests were
undertaken with these nozzles.

Thermal paint tests were undertaken on all nozzle types, since the
objective was to observe the wall temperature patterns prior to choosing
locations for thermocouples on tlie liner wall.
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Cold start tests vere undertaken for seven fuels with simplex and duplex
.uel noszles. The duplex tests were comprised of operation with the
primary jet only, as is the normal practice in engines.

Y

v ' Table 2.5 summarizes the combinations of fuel nozzles, fuels and test

types for a total of 866 test points.
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Table 2.3: Comparison of Specifications for Jet-A and ERBS Fuels

Aromatic Content (Z volume)
Hydrogen Conteni (X weight)
Sulphur Mercaptan (% weight) max.
Sulphur Total (% weight)
Naphthalene Content (% volume)
Distillation Temperature (K)

10 Percent

90 Percent

Final Boiling Point

Residue (Z volume)

Loss (2 volume)

Flashpoint (K)

~ Freezing Point (K)

Maximum Viscosity (cs)

Heat of Combustion (J/kg)
Thermal Stability:

JFTOT Breakpoint Temperature (K)

Method

(5)

JET A ERBS
20 max. -

® 12.8 + .2
0.003 max. 0.003
0.3 max. 0.3 max.

3.0 max. -

500 max.

561 max.
1.5 w x,
1.5 max.
311 min,
233 max.
8 @ 253 K

42.8 x 10° min.

533 min.

Visual

* TFor comparison to ERBS, the smoke point and luminor
result in a minimum hydrogen content of approximatr
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rable 2.4: Performance Ratings of PT6 Turboprops

e e — —— v

— s
Take-off/Max. Continuous Max. Cruise
sea
L} Level Thermoiynamic Max SHP Thermodymamic Max SH2 Weight Propeller
Static Parformance Parformance Performanco . Performance . RPM
Eswp | sro(l) SHP ksup | sreq) sHp
PISA~20 , 0,
PTEA-20A 610 .o.mo S50 to 70°F s22 | 0.670 495 to $9°F 289 2200
PIA-27 751 | 0.595 | 630 w0 NP 683 | 0.607 620 to 69°F 300 2200 °
PTSA-28 751 | 0.99% | 680 to N°F 75t | 0.505 620 to 91°F 300 2200
I - >
’ PTOA-M 886 | 0.582 | 750 to &7°F 763 | 0.598 700 to 67°P n 2200
PIEA-41 1009 | 0.858 | 850 to 106°r 1023 | 0.568 850 to 84°F 370 2000
-
PTOA-4S 1179 | 0.557 | 1120 to 59°F wos | o.578 956 to 58°r 423 1620 to 1700
PTOA-50 174 | 0.560 |1120 to 59°¢ 1017 | 0.%78 900 to M4°r 548 1100 to 1210
A\
' PTOA-ES 1375 | 0.517 |1294 vo 89°p 1022 | 0.522 956 to an°r 464 1700
(1) /s hr
L ]
LY
|
|
I
i
|
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Figure 2.1: Effect of Fuel Type on Smoke Levels ' )
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SECTION 111

TEST FUELS AND CHARACTERIZATION

3.1 TEST FUELS

Can combustor tests were ccnducted on 15 of 16 fuels categorized in
Table 3.1. RJ6 fuel, although described in this Section, was not used
in the can combustor tests but will be used in Phase III. Samples of
the fuels collected during the period of the test program were sent to
the CDND project manager for detailed analyses. Samples will also be
sent to the AFWAL project manager when testing resumes under Phase III.

The specification fuels, a wide cut JP4 and a kerosena Jet Al, serve as
baseline or reference fuels. The properties of the other fuels are
varied systematically beyond the specification limits imposed on the
reference fuels, principally in the direction of higher final boiling
point and higher aromatics content, which correspond to lower hydrogen
content. In addition, to this there are represented certain fuels of
unconventional (non-petroleum) origin, and certain fuels not normally
consumed in aircraft engines.

l. JP4 - a reference fuel, supplied by the contractor Pratt & Whitney.

2. JP4/B1

3. JP4/B2
(2) and (3) are stocks of (1), JP4, to which two levels of an al-
most entirely aromatic solvent were added, with the object of
reducing the hydrogen content to 13X and 12X, respectively. The
2040 solvent, supplied by AFWAL, has a bolling range approximately
the same as that of typical kerosene gas turbine fuels.

4. Jet Al - a reference fuel supplied by the contractor.

S. Jet Al/Bl

6. Jet Al/B2

(5) and (6) are (4) (Jet Al), blended witlh 2040 solvent, with
targeted final hydrogen contents of 13X and 12%.

7. JP4/2C40/DF2 - A fuel provided by AFWAL, consisting of JP4 to which
2040 solvent and No. 2 Diesel fuel had been added. The result is a
fuel ¢f 13X hydrogen by weight and an unusually wide boiling range.

8. Shale JP8 - A fuel prepared from 0il shale and refined to meet Jet
Al specificatjons.

9. Tar Sands L-H
10 Tar Sands H-M

1!« Tar Sands L-M

12. Tar Sands L-L
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The four tar sands fuels were prepared by the research department
of Imperial Oil at Sarnia, Ontario. The initial L or H signifies a
low or high final boiling point; the final L, M or H signifies a
(relatively) low, medium and high hydrogen content. As starting
materials two products were employed from Suncor's Athabaska oper-
ation, a kerocut, scmewhat like JP5, with nominal boiling vange u¢f
473-573K, and aromatics level about 20%; and secondly a gas oil
side stream of nominal boiling range 473-623K and considerably
higher aromatics level, in excess of 40Z.

(9), L-H is kerocut; (10), H-M is a blend of kerocut and gas oil
side stream. For the remaining two fuels the gas vil side stream
was distilled, and a fraction taken off of the same bciling range
as the kerocut. Two blends of the kerocut and this topping were
made to wake fuels (11) and (12) of the same boiling range as the
kerocut but successively higher aromatic levels.

13. No. 2 Diesel was procured locally by the contractor.

14, ERBS -3 (Experimental Referse Broadened Specification) Fuel - prov-
ided by AFWAL, who obtained the fuel from NASA. A fuel in some
ways resembling WNo. 2 Diesel, with final boiling and aromatics
level above specilication for aviation fuels.

15. JP10 - hydrogenated dicyclopentadiene, a synthetic product supplied
by AFWAL.

16. RJ6 — a blend of about 40% JP10 and 60% RJ5, which is a mixture of
hydrogenated dimers of norbornadiene.

(15) and (16) are fuels of higher volumetric energy .ensity,
employed in cruise misriles and applications in which space Ils at a
premium; they were both supplied by AFWAL.,

3.2 FUEL CHARACTERIZATION

Fuel characterization was organized by CDND. Agencies involved in the
analysis are listed in Table 3.2. Cowplete specification tews.ing was
undertaken as well as non-specification property determinations, viz -
simulated distillation Ly gas chromatography; thermal stability break-
point; density, specific heat, viscosity, surface tension and true vapor
pressure, all as functions of temperature; heats of combustion; hydrogen
content and detailed hydrocarbon compositional analysis.

3.3 TEST PROCEDURES

Nearly all of the fuel test procedures were ASTM test methods or modi-
fications of them. There was some redundancy or overlap, the source
data being provided by two different methods. When partial data were
furnished by one source and complete data for the same measurement by
another, the complete data have been used for reasons of consistency.
When data were obtained by variant or dissimilar methods, they have both
been reported and commented on, particularly if there were disagreements
to resolve. A
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3.4 FUEL PROPERTIES

3.4.1 D86 DISTILLATION

Date are shrwn in Table 3.3.

3.4.2 D2887 SIMULATED DISTILLATIONS BY GAS CHROMATOGRAPHY (G.C.).

The results of G.C. are listed in Table 3.4 and are graphically illu-
strated in Figures 3.1 and 3.2.

These distillations were carried out in two lots, fuels 1, 2, 5-8, 13-15
being examined some months before 3, 4 and 9-12. This accounts for the
difference in presentation (in degrees and tenths of a degree), and may
also be responsible for the discrepancy between JP4/Bl and JP4/B2; one
would expect the boiling point at any level of recovery co be higher,
not lower for JP4/B2 (as 1s observed in the JET Al blended fuels).

3.4,3 THERMAL STABILITY, Table 3.5.

Fuels were examined in the Jet Fuel Thermal Oxidation Tester (JFTOT) in
two wayg (Table 3.5). First, a pass or fail test was conducted accord-
ing to ASTM D3241 at the generally adopted teaperature of 260°C (533K).
Fuels were recorded (row 1) as pass (P) or fail (F), by one of two
criteria, a pressure build-up (row 2) of greater than 25 mm during the
2.5 hour course of the test; or (row 3) a visual rating of 3 assuming
the normal (N) sequence of color development is observed (row 4). It is
generally accepted that certain abnormal (A) color developments or
observation of a series of interference colors - peacock (P) are cause
for failure regardless of the color rating. Several abnormal and
peacock observations are listed in row 4. It 1s seen that all fueis
that failed based on visual ratings, except for No. 2 Diesel, also
failed by pressure build-up.

In addition, some tubes were examined in the Tube Deposit Rater (TDR),

which gives an alternative, and more objective measurement of color
density by reflectance. Averaged observations along the length of the

» tube while it was rotated (spun) and determination of the individual
point of maximum light absorption (spot) were recorded.

" TDR readings for the two failures among the fuels so examined (JP4/Bl
and No. 2 Diesel) are quite large, exceeding the TDR spot reading of 15
which has been proposed as a criterion of failure.

The concept of breakpoint was introduced a few years ago in an attempt
to quantify fuel thermal stability by defining a temperature at which
some observation made with JFTOT exceeds a critical value. The fuel is
run in the JFTOT at several temperatures, and by interpolation of
results, the lowest temperature is found at which either pressure build-
up exceeds 25 mm or the color rating (assuming the normal sequence of
color development) reaches 3.

- 27 -
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Breakpoints and failure modes are listed in the lower half of Table
3.5. The determination is not precise, and an uncertainty of at least
%5°C is o be expectede In principle a fuel with a breakpoint below
260°C =nould fail the specification test. As can be see , JP4 which
originally passed the specification test gave a breakpo nt of 239°C
based on visual ratings. In addition JP4/B2, which failed rhe specifi-
cation test on pressure was limited in breakpoint determination by color
development. Several samplings of JP4 had been observed to contain sed-
iments, and the testing agency reported extensive deposits of material g
on the prefiltering through Whatman filter paper that precedes JFIOT !
testing. The same agency reported a quite satisfactory breakpoint on
the 2040 solvent (275-280°C, failure on color), so that blends of JP4
and 2040, even with the inherent uncertainty of the breakpoint method,
are distinctly worse than either compcnent alone. The most probable
explanation of these irregular results is contamination of the stock of
JP4, and variations in the method of subsequent sampling of JP4 and its
bl.:nds.

Some thought has been given to the possible effects of this contamin~
ation on combustor test results. All fuels are filtered again before
introduction to the combustor, therefore, bLlocked nozzles or distorted
spray patterns due to gross contamination seewms unlikely. As runs are
at most several hours in duration, in power and thrust variation, with
disassembly and examination of parts (e.g. for carbon buildup), the low
thermal stability is not likely to have any effect, by deposition, dur-
ing a run.

3.4.4 DENSITY

Densities at 288K were determined at QETE using ASTM D1298, and at four
temperatures at Sherbrooke (Table 3.6, Figure 3.3). Sherbrooke tests
used a Picker dynamic densimeter to determine density at the reference
temperature of 298K. Thermal expansion coefficients were then measured
for each fuel with high precision, and by an integration process densit-
les at other temperatures could be calculated. QETE results fell quite
satisfactorily on the curve obtained by plotting the Sherbrooke data.

The densities listed for RJb were calrculated from data provided by
AFWAL, a density measurement at 288K, and a curve relating density to
temperatucre presumably of general validitv for fuels of this type.

{ 3.4.5 SPECIFIC HEAT

‘ Specific heats as a function of temperature were determined at Sher-
brooke, employing the Picker differertial dynamic microcalorimeter
(Table 3.6).

3.4.6 VISCOSITY

Viscosities for fifteen fuels were determined at QETE, by ASTM D445,
The viscosity of RJ6 at 219K (394°R) was 423.90 cSt, which is higher
than the specification limit of 400 cS8t¢ at that temperature (Table 3.6,
Figure 3:4).,
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3.4.7 SURFACE TENSION

Surface tension (Laval) was determined by a capillary rise technique,
employing benzene as a reference fluid (Table 3.6, Figure 3.5).

3.4.8 VAPOR PRESSURE

The method employed is a modification of the isoteniscopic procedure of i
ASTM D2879-75. For a mixture of many components such as a 1liquid fuel, i
woo the vapor pressure is not defined uniquely by temperature, but depends
g on the ratio of vapor to liquid volume. As this ratio approaches zero
the contribution of the volatile components becomes increasingly impor~
tant, and the vapor pressure approaches a 1limiting wvalue. In the
present work four isoteriscopes of Vv/V] varying from 0.06 to 0.280 were
used. These ratios are considerably smaller than those used in most
previous work, and the results in consequence reflect more closely the
limiting intrinsic value. Considerable manipulation of the experimental
data 31s necessary in order to make correction for the air inevitably
retained by the fuels. The original report9 should be consulted for
details of this data treatment. What is presented in Table 3-7 is a
very samall portion of the data generated, and is intended only to be
represeéntative of the information available in the report. Table 3-7
contains the experimental data at the two higher Vv/Vl ratios, 0.280 and
0.184, and the derived or corrected data at the highest Vv/V; ratio
(.280) and the limiting value Vv/V; = 0. (The experimental data marked
with an asterisk are derived by a short extrapolation from the
experimental points in the original report).

The original report comments on the extreme difficulty in getting error-
free results, and the fact tlat ancmalies can occur even if meticulous
care is exercised. An instance of this is found or comparing data for
JP4/Bl and JP4/B2.

The latter fuel contains more 2040 solvent, and in view of the boiling
ranges of JP4 and 2040 solvent, it should have under the same conditions
a lower vapor pressure *+han JP4/31, not higher, as observed. This
anomaly occurs both in the experimental and the derived data. Agair,
the experimental vapor pressure data for tar sands fuel L-M appears
abnormally high at Vv/V; = 0,280, probably due to trapped air. The
irregularity has disappeared in the corresponding derived data. JP10 is
' supposedly a pure compound, and one would expect to find its vapor
pressure at any temperature independent of liquid-vapor ratio. Instead,
some dependence similar to that of the other fuels is observed. This
can be attributed either to residual air or to the presence of small
amounts of light material not removed during production. The ASTM D2887
distillation of JP10 (Table 3.4) suggests that both light and heavy ends
may be present.

3.4.9 SPECIFICATION PROPERTIES

Properties required by fuel specifications have been tabulated in Table
3.8.

Flash Point ASTM D56-!1 fuels - (QETE), ASTM D3828 (Setaflash) - (NRC)

There is significant disagreement between the two methods in the case of
the less volatile fuels.
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Freeze Point AST™ D2386 (QETE) Setapoint (NRC)

ASTM D2386 (Figure 3.6) records the disappearance of the last wax
crystals on rewarming; it has been reported that the Setapoint reflects
rather the wax appearance point, 8o that Setapoint measurements tend to
be systematically lower than ASTM D2386. This observation is in general
supported by examination of the data (omitting JP10 as anomalous). For
fuels containing middle distillate fractions (JP4/2040/DF2, tar sands
fuels, No. 2 diesel, and ERBS-3) Setapoint measurements are from 2 to
6°C lower than D2386. For the lighter JP4 and Jet Al based fuels, the
two measurements coincide within a degree., with the single exception of
JP4/Bl, in which the Setapoint reading is 2°C higher.

Smoke foiﬂt ASTM (D1322) data were provided by QETE and Gulf; Gulf also
provided lumninometer data (ASTM D1840).

Huats of Combustion by ASTM D2382 were provided by EMR and, for compar-
ison, caliculated heats of combustion by ASTM D1405 (Table 3.8 and Figure
3.7) from aniline-gravity product were provided by QETE. This latter
determination 1s included as a matter of interest, as the aniline-
gravity estimaticn applies only to petroleum-based fuels that meet a
recognized specification (aviation gasoline, JP4, Jet A, etc.). Taking
the ASTM D2382 heat of combustion figures as correct, and examining the
ASTM D1405 figures, significant disagreement is seen with JP4 and its
blends, and with Jet Al/B2. Calculated heating values for tar sands
fuels are surprisingly good.

3.4.10 FUEL COMPOSITION

Hydrogen content: The first two rows of Table 3.9 compare hydrogen con-
tent as determined by NMR (ASTM D3701) at NRC, and by microcombustion at
EMR. The latter figures are typical of the best that can be achieved by
classical methods. Figure 3.8 is a bar chart comparison of NMR measured
fuel hydrogen content values.

It is seen that attempts to reach 13 and 12% hydrogen by addition of
2040 solvent to the two base fuels were not completely successful. The

location of the test laloratory (NRC in Ottawa), bLeing remote from the
blending site, made it difficult to adjust blerd ratios to the required
levels. The Hydrogen content of JP10 was calculated from its formula
and for RJ6 from its composition (39.9% RJ5) supplied by AFWAL.

Aromatics, Olefins andParaffins: ASTHM DI1319 (Fluorescent 1indicator

absorption) analysis provides a rough division into three fractions -
aromatics, olefins and paratffins. Developed for gasoline and turbine
fuel of petroleum origin, it provides an estimate of proportions.
lasults depend to some extent on operator techniques; only with consid-
t¢rable reservations can it be used for other fuels. The ASTM D1319 data
jrovided by Imperial 011 for the four tar sands fuels are included with
the QFTE values, and show the kind of variation that can be expected.
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Naphthalenes: This estimation by ASTM D1840 is made by light absorption
in the near ultraviolet. For the JP4 and Jet Al blends with 2040 sol-
vent, the naphthalene content can be calculated from the blend ratio,
and the knowledge that 2040 solvent contains 57X naphthalenes. Results
from ASTM D1840 come out in quite satisfactory agreement with these cal-
culated values even though ASTM D1840 is a rather rough method of estim-
ation.

Hydrocarbon Compositional Analysis: Detailed hydrocarbon compositional
analysis was carried out by EMR, employing a modification of ASTM D2789
(AST™M D2789 is a gasoline analysis and this procedure was extended to
include a mass spectrometric analysis of hydrocarbon composition). The
original results were presented as paraffin; naphthenes in two cate-
gories; and aromatics broken into six categories. In this summary they
have for purposes of comparison been reconsolidated into paraffins,
naphthenes and aromatics (Table 3.9)c The analytical program 1is so
devised that olefins, low in any case, always appear as zero. Para -
fins, naphthenes and aromatics add up to 100X, apart from rounding off
errors. Again, naphthalenes are shown as a separate category.

Comparing the two sets of data from the two sources (ASTM D1319 and mod-
ified ASTM D2789), it appears that, in particular for high aromatic
fuels, ASTM D2789 understates the aromatics level. In the case of one
blend, Jet Al/B2, figures for both aromatic and naphthalene content are
significantly lower than what may be called "true" values, calculated
from the blend ratio and the composition of Jet Al and 2040. Much the
same observation may be made about the four tar sands derived fuels.
From the available data on the kerocut and gas oil side stream rough
compositions for the blends can be worked out. Either of the two ASTM
D1319 analyses, for all their uncertainty, is closer to this "true”
value than the ASTM D2789 results. It is evident that with this latter
method at high aromatic levels a saturation effect has led to a compres-
glon in the aromatic readings.

Data by either of the two methods may be taken as indicative of trends
in composition and used for comparative purposes; however the ASTM D1319
data are closer to the actual composition.

Sulfur and Nitrogen Content: The last three determinations; total
sulfur (ASTM D1266), mercaptan sulfur (ASTM D1323) and nitrogen (ASTM
D3228) were performed at QETE. The sulfur determinations are all within
specification for aviation turbine fuels. Nitrogen levels, for which no
specifications exist, are in the range anticipated.
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Table 3.1: Phase II Test Fuels ) i

CURRENT SPEC. BROADENED SPEC. ALTERNATE FUELS
JP4/JET B JP4/B1 JP4/0F/2040
JP4/B2
JP8/JET A} JET A1/By SHALE JP8
\ | JET A1/B2
JP10
DIESEL 2 ERBS-3 TAR SANDS L-H
RJ6* TAR SANDS L-M
TAR SANDS L-L
TAR SANDS H-M

* phase III Test Fuel
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Kinematic Viscosity (cSt)
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SECTION IV
CAN COMBUSTION SYSTEM DESCRIPTION
4.1 ORIGINAL CONFIGURATION

In order to minimize costs, a can conbuoior devaloped under an EPA spon-
sored research progran’ was used. The design data for the original com-

bustor is listed in Table 4.1, The combustor was designed such that it
accepted any one of four different nozzles, described in a subsequent

section.
4.2 CAN COMBUSTOR DEVELOPMENT

In order to test the duradility of the can combustor, a thermal paint
tast was conducted at a condition simulating 100X thrust on the turbo-

fan cycle. Rasults from the paint test demonstrated unacceptably high
matal temperatures in the primary, intermediate, and dilution zones
(Figure 4.1). These were attributed to fuel-rich mixture conditions in
the primary sons and inadequate linsr wall cooling. For this reason, a
modification program aimed at increasing the combustor life expectancy
wvas undertaken, usiug the following approaches:

i) Lleaning out the primary zone.
i1) Adding an extra cooling louvre in the dilution zonme.

111) Increasing the amount of cooling air passing through all the cool-
ing louvres.

iv) BRelocating the dilution holes further upstream to reduce gas teap-
eraturgs in the downstream sections.

Further paint tests were conducted simulating the 60X thrust condition
to ascertain the integrity of the combustor during cach step of the

development. Tests with tha final configuration were conducted simulat-
ing 100X thrust condition. Figures 4.2, 4.3 and 4.4 show temperature
patterns for three types of fuel nozzles.

.

4.3 FINAL COMBUSTOR CONFIGURATION

A schematic representation of the final configuration is ghown in Figure
4.5, The combustor parformed well through the lean limit tests; how-
ever, post-test inspection after some running at full power revealed
marginal durability in the primary zone immediately upstream of the ig~
niter plane. It was therefore decided that combustor durability should
be further improved by application of thermal barrier coating to the
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liner ianer wall (Table 4.2). A new can combustor with the thermal
bavrier coating, provided adequate durability over the balance of the
program. ‘

6 6 NOZZLE CONFIGURATIONS

Al described earlier in Section II, four types of fuel nozzles were
tested: simplex, duplex, airblaat and vaporizer. The praessure
atomizing nozzle assembly shown in Figure 4.6 is composed of three
parts:  fuel nozzle adapter (capable of accepting simplex or duplex
pressure atomizers), the nozzle, and a swirler which enhances fuel air
mixing. The airblast nozzle (Figure 4.7) works oa the premise that
realatively siov moving fuel is exposed to a high velocity airstream
which shears the fuel into very small droplets. Swirler air, which is
iatroduced close to the nozzle face provides for fuel-air mixing und
flame stability. The vaporizing nozzle (Figures R 8. 4.9) 18 comprised
of a tube (exposed to hot primary zone gases) which tranafers thermal
energy to the incoming fuel and air, thus vaporizing the fuel. The rich
mixture then passes through a small swirler before it exits via the
aushroom-shaped outlet. Figure 4.10 showsa the assembly of the
can conbultor ‘with the ainplex nozzle adapter.

In each case, depending on how much air was used for either atomizing or
mixing, the flow splits within the can combustor varied. The amount of
air available for wall cooling, primary zone nixing, and dilution depen-
ded on the type of nozzle being used. The combustor flow splits for the
three fuel systems are ghown in Tables 4.3, 4.4, and 4.5.

4.5 CAN COMBUSTOR INSTRUMENTATION

The final step in the combustor preparation was the determination of
various thermocouple locations required for metal temperature
measurenents. Based on results of thermal paint tests, twelve
thermocouple 1loucations were chosen, in consultation with AFWAL and CDND
program managers, Figure 4.11.
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Table 4.1: Summary of Desiyn Data for Original

Turbine Combustor Used in Phase II Test Program

L T ha e it v P PR TR SR U e et i iy i A 8 A NS SN A R A A A ¢ SR8

Simple Cycle Gas

PARAMETERS
Inlet pressure MPa (atm)
Air flow rate kg/sec (lbs per sec)
" Fuel flow rate kg/hr (1bs per hr)
Fuel air ratio overall ’
Inlet afr temp. K (R)
Outlet temp. K (R)
Pressure drop ) 4

Reference velocity annulus m/sec (ft/sec)
Referance velocity ~ flametube m/sec (ft/sec)
Number of fuel nozzles

Fuel

Liner diameter ca (in)
Liner length ca (in)
Liner length PZ cm (im)
Linex length 1Z ca (in)
Liner length D2 ca (in)
Liner cross sectional area em? (in?)
Liner volume - total em3 (£t3)
Liner volume - PZ cmd (££3)

Heat release rate.watts/m3-Pa(HM BTU/hr.ft3.atm)
(based on total liner volume)

Neat relesse rate,watts/a3-Pa(MM BTU/hr.ft3.atm)

Casing Diameter " cm (in)

1.2 (12)
0.50 (1.1)
35 (17)
0.0195
700 (1260)
1311 (2360)

2.6
23.3  (76.3)
23.8 = (78.1)
1
JP4
6.6 (2.61)
14 (5.56)

3.38 (1.33)
6.78 (2.67)
3.84 (1.56)
34.6 (5.37)
qgo0 (.0173)
116 (.0041)
719 (6.95)

iz (29.1)
9.0 (3.55)
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Table 4.2: Specifications for Thermal Barrier Coating

TECHNICAL REQUIREMENTS
Coating Material: shall be as follows:

Coat ing Powder Specification Coating Thickness
Bond CPW 387 (Alumina) .003-.005 inch (0.08-0.13 mm)
Surface CPW 3A8 /Ytrium) .010-.012 inch (0.25-0.31 mm)

Equipment: Shall consist of a plasma spray torch using argon, argon/helium, or argon/
hydrogen as the powder carrier and/or arc gas. Purity of gas atmosphere shall be as
agreed ypon by P&NC and vendor.

Procedure: (nless otherwise specified, shall be as follows:

Preparation: Base metal surface to be initially coated shall be thoroughly cleaned free
from any prior coating and from dirt, oil, grease, stains and other foreign materials;
tley shall be cleaned by vapor degreasing or by washing in petroleum solvent and dried.
Surfaces to be coated shall be dry abrasive blasted with a suitable coarse non-metallic
grit.

Base metal surfaces to be coated shall be preheated to remove moisture and, when desired,
to control thermal expansion of the part with respect to coating. Preheat may be accom-
plished by controlling torch dwell time immediately prior to spraying or by other suitable
means. Temperaturce of part during preheat and subsequent spraying shall be maintained
sufficiently low to prevent discoloration, oxidation, distortion and other conditions
detrimental to coating or base netal.

SCOPE:

Purpose: This specification covers the procedure for producing a multi-layered plasma
spray coating and the properties of the deposited coating.

Application: ananly to increase oxidation and hot corrosion resistance, and to
provide a thermal ‘barrier for combustion chambers and other sheet metal components.

Coating: Dry, frce-flowing and thoroughly blended coating material of bond coat shall
be deposited as soon as practicaile after surface preparation, preferably within two
hours.

The surface coating shall be deposited as soon as practicable after completion of bond
coat, preferably within two hours of depositing bond coat.

Micro Examination: Coating shall be free from cracks, massive porosity and excessive
oxides; it shall be essentially free fraom inclusions and contarination at the bond
coating to base metal interface and the band coating to surface coating interface.
Microstructural standards for acceptance or rejection shall be as agreed upon between
P&WC and the vendor.

QUALITY: Coating shall be adherent to base metal and shall have a wiform ccntinuous
surface free fram spalling, chipping, cracking, crazing, staining or other objectionable
imperfections.

r - AR T
Y ..m 'f..u. .L(\th.hiﬁ 's.‘.-' RGO, Sl H!’.‘-Z-‘-L.‘-B.‘-‘



R RRRRREEESEDD—_EHESSS——————————. Mimabetie el et e B D R L SR NS R A el AL AL RR L LA L1 Ll o b 0§ a9 s pAa it ol ot |

~—
[~
g
L)
" :

e
8
(&)
% |

. B glg 2 g s isa
) RS B B S R i

-t - -

B »

' §
n
'
0
3 §§3333§§2°
a ¥ )
1]
o
<
g
3 5 |
2 8-— [ o & o
g TEARR R R R RN
§ a8
3 E
b )
Q: E‘ﬂuﬁﬂhﬁﬂ
[+1]
~
e}
&

L ]

- 53 -

S A S S L LS R LI LT R MY (A RUIERRReY




W oa a2l AL AT WSO AN RN L VL ISR TN TR TARR TR A, LR YT

: 3 |
- :
D i
g |
o {
w
g
0
O
0 IEEREREREEE
b ' sld ® 4 8 @ m e v ¢
- . ~
& Q
3 a
i ~
% n
3
K Eaa:azzzw
1.
e 3
<
"
o
iyt
2 8
S [} spa/l~ &8 = & 8 8 8 1
- ng 4 g
q
O
/2]
. h
< .
. < 8 g
o E:nunuhenﬁﬁ
¢ ~
] 'g
; :
:
I
.
.4;
b
v
£
!
A - 54 -
]

a5 N R M S avar WAt S RE A s |



=ny.a %3

Lt vAatI A A

60°L MOTd XHNMTEd dSZYTHOJVA

16°0 MULd XEVANODES MAZINOIVA

L9y 9 62z1° ¢

sy zt 680° ©

$9°¢ 4 L50° F |

06°8g "7 680° q

§6°9¢ 91 8zZ" a

vu..mu 14 oor* o |
06°8 g (4 680° 8

Pz 1t | {4 [110) 4

na s STI08 S0 (NI) SFIOH

VRN 20 Y1a ROXIVLS

- 55 .

OO0 |

AR
-ttah g

AIAS (Y

\g HTS

AL I O T NI




RART PN G A TR SN A TG

B NG TN TR E TR TS L A

(woTsI3A TRUTHTIO ‘Z9ZTWOIY aanssaxd xeTdaIs)
WTITPUOD ISNAYL $GOT DUFIRTNWTS IS8T IOISNCUOD WD :I°p oInbrd

- 56




(x9z2TMOY 9omBsexd XITAMTS)

= UOT3TPUOD 3MIYL $00T BUTIRTOMIS I88] I03INQUOD W) Z°p @wnbId

i

sv.‘..‘l

*al S5N

it

JLRTE

Al By §

R

AN IR R TR

- 57 -




Y AT BRI, R SRR D e O ot Al W DPEIVE WS RIS W I PN L T T

o

&y

{xezTWO3Y 2xn883xd X9Tdng) un

WIITPUWI 3ISNIYL $00T butyernuts 3ser zo3snquod wed :g°p aumbra - \.um
A

AR 6611 BUNRRAE BN

b
A
ua
5 7
40 OVEL-086 do Ogv.sm ———— .‘ K ,.ﬁwtv ¥ | 1 M
SSP ey 2 w
do OVELS < y _ 2
lF b
do0 0661< Ao 058 .
4o OVEL-086 3o OVEI<
40 0SG1< 40 0651<
H0 OVEL-086 e
40 086-GE8 30 086668 ——————=§
. MIIA LNOHA
b e -




™

Nyandas g

ARAWFE T RN EY RN T YR TH T

(xz9zZTWO3Y 3ISLTQITV)
WO TITPWOD 3ISRIYL 00T BUTIETNWTS IFSIL 203ISNQUO) UeH

do 06SIKL
do0 OPEL-086 d0 O¥E1-086
do OVEIKL do 0661 <
do O¥EL-086
do WEL <L
4o 0651
d0 0661 <
do OVEIL
40 O¥E1-086

ipep aanbtrd

M3IA LNOYUd

- 59 -

1

- '!'n

Ve SvYatla

LI )
.

L Y
I S

-.‘ .“' -\ --\
AL A LR

vt
S

e e

Yo

L
e
%
l. L
-~
A




TG AL VTG WL Y IR T Wy

}
|
|
]
|
el

203SNqWo) ue) JO uorjeanbryuoc) Teurd :g°p 2iInbryg

-
.
(%
=y

Had

e

STIOH

NOILNTIA ML

~680° ,680°
satoy ¢z

i . de L
[ T S;.J

LA LN

[11]
[}
~—
Q
E =)
o
N
PN
et f

AN

)

8

[

i.i'""
Iy,

1

T
TR

|
NN

-
Y N\

- 60 -
ot oy

,S8Z1°0

satoy 9 /

. 680"
satoy ¢t
S rmmmmmmf S - —
LS0" ! . .
” c :
sor0y bz »822°0 «00T"0 »00T0
se104 91 s9ToY ¥Z satoy §7




TR VR AT TN

T VTN Y T YR Y WE Vdh TR A

S$358] I03SNqWO) ue) X0J 9T2Z2O0N DUTZTWOIY 3IANSSdId

YITIMS

N P
.4 %
o o
- o e
a Pty . I
5 by .

31ZZON
ONIZIWOLY

. N

t9°p aanbrg

-6l -

3431dvay

AW AP TR VT S

tata,

BRIV a RN A TE Ll UM w7 Ca P € u e Ve v



25 SR RE R RN ST S LA AL AALA LI AR NE N X O AR Bt G At th R R Rt S L LR Jn: |

g

- :0:

¢/ , (K g

\\\ / ///-‘/ S

| S , : §

; SN y I 5

aN= \.

= Z 8

N

t 2 E
o A /

S5 e N . S

= N x\\\f :

7, 4

T :

ol
<

- 62 -




Pt el L ARRL R O ey £ e DM DTS S Sk I Tt R WAL SO SR g A WA AN AR SROA 3 4 P F ¢ 4|

Mushroom head
with swirler

L}
»*
B
3
=z
" Y
] \ -
ﬁ, ? . P
I
8
- 8
. =3
£
<
i
-~
By
-

Air

Fuel
Air

- 63 -

R R R R e o



BEEARAR T TR AT L VA YL RANL USSP AT T PEY LA LT L [TV AT RS W,

0% |

SRS S,

§3S81 I0o3sSnquo) ue) I03 91220N burtziaodep t6°y aanbry

TS
LI TR

NN

AN
gl

N
X

2
£
AR NN ’
27722277 // \\\\///V\ e
. N ,.

e Ry - —— - — - — - — - — - =

\

W&z
y -

- 64 -




el bt S N i Al At 2 AR AL Lt L0 'l v 4 o LA A e el et iy |

Air blast nozzle

Combustor and Fuel Nozzle Configurations

Figure 4.10:

Simplex/Duples

nozzle adaptor
Can combustor
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SECTION v

APPARATUS AND PROCEDURES

The test facilities and techniques used in evaluating fuel property ef-
fects on can combustor performance are described in the following
paragraphs. Two rigs were used: steady-state and lean-limit tests were
conducted in the high-pressure can-combustor rig located in P&WC's
facilicies in Longueuil, Quebec, while cold start tests were conducted
in the atmospheric-pressure can-combustor rig located in Mississauga,
Ontario.

5.1 HIGH PRESSURE COMBUSTOR RIG

5.1.1 GENERAL LAYOUT

The can combustor rig shown in Figures 5.1 & 5.2 was used for perform-
ance, lean limit, parametric, and carbon deposition tests., The air sys-
tem (Figure 5.3) was fed by a 0.72 MPa (6.1 atm) shop air supply. Fur-
ther compression to 1.68 MPa (15.6 atm) was achieved by way of a rotary
boost compressor. The oil separator and sterling air filters served to
remove oil, water and other fcreign particles; however, should any
blockage occur due to oil contawination, a differential pressure switch
trips the compressor and heater. A separate shop air supply was
available which feeds air downstream of the Sterling filtera when
pressures less than 0.72 MPa were required. A "coalescing type" air
filter located downstream of the second shop air inlet ensured further
oil removal and was equipped with an automatic drain valve which dumped
the oil to a container. This container was equipped with a level switchn
which tripped the compressor and heater should a large volume of oil be
accumulated.

The air was passed through an electrical heater which raised tempera-
tures up to 7C0K (1260°R). A pneumutically operated bypass valve
downstream of the heater ensured minimum heater flow requirements (0.23
kg/s). Alr froa the heater passed into the test section via a metering
section which consisted of a standard ASME square-edged orifize and
upstream and downstream pressure taps. Screens located downstream of
the metering section served to straighten the flow before it reached the
test sectiow.

A schematic of the test section is shown 1n Figure 5.4. The instrumen-
tation section downstream of the can combustor was water-cooled as were
the radiation and emissions probes. & quartz window located on the in-
strumentation section permitted direct observation of the flame inside
the combustor. A remotely operated butterfly valve back-pressured the
entire air system and provided for pressure and flow rate control
through the test section.

RV, X,

Combtustor inlet and outlet pressures were measured using static pressure
taps wtile temperatures were recorded from Type K thermocouples. Metal
temperatures were measured usiag twelve Type R thermocouples as
described earlier.

B AARY Al SSr
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Fuel flow rates were measured with calibrated turbine flowmeters (low
and high flow ranges) and with a wide range rotameter (corrected for
specific gravity at test temperature).

5«1.2 GAS ANALYSIS AND SMOKE METER

Emission samples were collected using a five point multi-purpose exhaust
probe (Figures 5.5 and 5.6) which was located 5.5 inches downstream of
the combustor exit plane. Exhaust pressure and temperatures were also
measured using this pronbe. The water cooled probe was mounted on an
actuator which enabled probe retraction from the air stream during rig
start-up. Emission gases were routed to a Beckman Emirision Analy er
through heated 1lines. Tne analyzer measured emissions with the
follow' - “‘mstruments:

Co, €02 - Infrared Analyzers
THE - Flame Ionization Detector
NO, NO, - Chemiluminiscent Analyzer

Smoke samples were collected with a smoke meter conforming to EPA

specifications 10, Smoke samples were analyzed and converted to smoke
numbers using & Photovolt reflection meter.

5.1.3 RADIOMETER PROBE

Flame radiation in the primary zone was measured using a P&WA developed
transpiration radiometer probe (Figure 5.7). The probe was used to
measure thermal radiation at the combustor liner without interference
- from convective or conductive heat trausfers. The porous disc at the
tip of the probe provided an outlet for the pressurized nitrogen purge
gas. Vhen the gas filtered through the porous disc, it served to des-
tivoy the hor houndary laver which ould normally transfer heat thrcugh
convection. At steady-state, the heat transferred from the porous disc
to the nitrogen gas would be a measure of the heat radiated from the
flame to the disc. To eliminate heat conduction between the porous disc
and its support, a water—cooled sleeve was provided which prevented the
edge supports from becoming too hot. Differentially connected
tnermccouples measured the net temperature difference between the
nitrogen gas just upstream of the disc and the disc itself. If the gas
flow rate was known, it would be possible to undertake an energy balance
and obtain a net radiative heat flux. A careful calibration of the
nrohe provided empirical constants required to make the energy balance.
All relevant parameteirs were rtr=2corded using an automated data
1uisition system which batched tbe input to the main computer for
analysis. Flame radiation was measured for selected parametric test
points orly, as desciibed in paragraph 5.1.6.

5.1.4 LEAN LIMIT TEST PROCEDURES

‘“he lean limit tests for each fuel covered four airflows at a combustor
inlet temper. ure correspouding to a JTI5D-4 idle condition (375K).
Inlet pressuces during the tests were kept constant at 4 a:mospheres
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while the airflow range was 0.! to 0.23 kg/s. The top end of the air-
flow range corresponded to a simulation of the ground idle conditiom of

the turbofun engine cycle (based on air loading parameter). Set-up con-
ditions are liasted in Table 5.1.

‘The procedure for lean limit tests was quite simple. For each airflow,

a steady operating condition was first set up corresponding to a fuel-
air ratio of 0.015. The fuel rlow was then gradually reduced until
flame-out and the corresponding flow rates were recorded. The test was
then repeated until a consistent lean limit fuel-air ratio was esta-
biished. The duration of each test was kept nearly constant, of the
order of 3 minutes. All fifteen fuels were tested with the simplex
nozzle, while six fuels were tested with duplex, airblast, and vaporiz-
ing nozzles, resulting in a total of 33 fuel/nozzle combinations (Table
2.5).

S5.1.5 STEADY STATE PERFORMANCE TESTS

Steady state performance tests were undertaken simulating both turbofan
and turboprop operating cycles. The following performance parameters
were measured = combustor metal temperatures, combustion efficiency,
gaseous emissions, smoke emissions, carbon formation, fuel nozzle foul-
ing and liner pressure drop. Fuel nozzle effects were evaluated by
undertaking turbofan cycle tests on all four nozzle types - simplex,
duplex, airblast and vaporizer. Turboprop cycle tests were done with
simplex nozzles only (see Table 2.5).

Thrust level tests simulated the following operating conditions of
JT15D~4 turbofan engines. 1Idle, 30%, 60%, 907 and 100%Z thrust. Rig
set-up (air & fuel flow) conditions were determined from the modelling
parameters discussed in Section II. Set up parameters are listed in
in Table 5.2

The schedule for thrust level tests was to operate for 30 minutes at
each of conditions 1, 2 and 3 and 15 minutes at conditions 4 and 5.
After reaching condition 5, the conditions were repeated in the descend-
ing mode, i.e. 15 minutes at condition 4 and 30 minutes in conditions 3,
2 and 1. These represented a total of 3.7 hours of continuous running

to establish any trends in carbon formation and fuel nozzle fouling.
Carbon tests were performed for all fuels with the simplex nozzle, and

for six fuels with the other nozzlus.

Power level tests simulated the following operating conditions of PT6A-
41 turboprop engine - idle, 60% and 100% power. Rig set-up (air and

fuel flow) conditions were determined from modelling parameters discus-
sed in Section II. Set-up parameters are listed in Table 5.3.

A schedule similar to thrust level tests was used on the power cycle.
The 2.5 hour continuous running was comprised of 30-minute segments at
idle, 60%, 100%, in the ascending mode and 30-minute segments at 60%
and idle in the descending mode. Comparison of performance on the power
cycle was made for the simplex nozzle with 15 fuels.
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5.1.6 PARAMETRIC TEST PROCEDURE

In order to study the effects of varying inlet pressure (P3) and fuel-
air ratio, parametric tests were conducted. To provide the most rele-
vance to other tests simulating englne operation, these parametric tests
were bracketed around a condition simulating a medium thrust level,
namely the JT15D=4 cruise at an altitude of 30,000 feet and a speed of
0. 7M.

Three tests were done varying P3 alone, both upward and downward, while
keeping everything else constant. Three more tests were conducted while
varying the fuel-air ratio up and down. At each of the six conditioms, -

emissions (CO, THC, NO, NOx), smoke, metal temperatures, and primary
zone radiation measurements were taken. The test parameters are listed
in Table 5.4. Fifteen fuels were tested with simplex nozzle while six
fuels were tested with duplex, airblast and vaporizing nozzles for a
total of 33 fuel/nozzle combinations.

5.1.7 CARBON DEPOSITION AND FUEL NOZZLE TEST PROCEDURE

In order to obtain data on carbon deposition, certain steps were taken
to measure the carbon thickness on various parts of the can combustor.
In addition, checks were also made on the spray condition of the fuel
nozzles. As mentioned previously, continuous running periods of 3.7 and
2.5 hours were accomplished during the thrust level and power level
tests respectively. After each run, the rig was split and the following
steps were taken:

a. carefully disassemble fuel nozzle assembly

be pump fuel through nozzle and make visual check for fuel spray
streaks

Ce make visual carbon checks on can combustor liner

d. measure maximum carbon thickness, if any, on front face of fuel

- nozzle using a vernier

e. take photographs of carbon accumulation

Carbon deposition checks were done for all fifteen fuels with simplex
nozzle and six fuels with duplex , airblast and vaporizing nozzles.
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3.2 ATHOSPHERIC PRESSURE COLD START TESTS

Cold scart tests were conducted using the can combustor to establish
starting capabilities of seven fuels. The purpose was to determine the

minimum light-off fuel-air ratio at several temperatures in the range of
242K (435°R) to 289K (520°R).

Cold start tests were counducted in P&WC's facilities in Mississauga. ;
Air and fuel temperatures down to 242K (435°R) were required for these
tests, and the equipment, instrumentation and procedures used are des-
cribed in the following sections. 3

5.2.1 EQUIPMENT AND LAYOUT

A layout of the cold start rig is shown in Figure 5.8. Ambient air was

o drawn through the test section by means of an ejector located in the ex~-
b haust stack, which operated off a 11 atm. (150 psig) air supply. The

air was cooled through a refrigerator as well as a secoudary heat

exchanger which used dry ice/alcohol as the coolant. Temperatures down

» to 242K (435°R) were obtained with this facility for combustor airflows

up to 0.08 kg/s. The airflow was metered by an ASME standard orifice

located upstream of the test section. A pictorial view of the cold

start test facility is shown in Figure 5.9. A quartz window in the

A exhaust elbow was used for flame visualization and start-up detection.
Ve '

‘fﬁ The fuel system used for cold start tests was "custom made” for the
A task. Figure 5.10 illustrates the flow path: test fuel was puuwped from
-5 the tank through a filter and through two recirculation loops which both

returned to the tank. The first loop circulated fuel from the tank to
the fuel cooler and back to the tank, thus accomplishing the bulk of the
heat transfer. The coolant used in the fuel cooler was the same dry ice
and alcohol mixture used for the secondary air heat exchanger described
earlier. While the fuel circulated through this primary loop, fuel was
also circulated through the secondary 1loop, flowing from the tank
through the secondary heat exchanger, a flowmeter, and a metering valve
back to the tank. The secondary heat exhanger used shop air to make
finer adjustments to the fuel temperature. Once the flow rate and
temperature were set, two solenoid cut—off valves redirected the fuel
flow to the test section. A bypass nozzle in the tank returna port
assured similar resistances in the bypass and test modes to minimize
changes in fuel flow rate when transition occurred.

The combustor configuration for cold start tests was the same as that
used in the high pressure can combustor rig. Originally, both simplex
and ajirblast nozzles were to be tested; however it was found that the
airblast nozzle was impossible to light at the low airflows and pres-
sures used during the tests. It was therefore decided that two simplex
pressure atomizers with 0.9 and 3.0 flow numbers would be tested, thus
evaluating the effect of fuel droplet size on ignition performance (0.9
FN corresponded to the primary of a duplex nozzle while 3.0 FN cor-
responded to a simplex fuel nozzle).
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The igniter used for these tests was a standard PT6A-65 igniter which
was mounted flush with the inner combustor wall. The spark energy for
this typgrof igniter is approximately 2 joules, at one spark per second.

5.2.2 COLD START RIG INSTRUMENTATION

Cold start tests, as opposed to steady state tests, require accurate
measurements of transient conditions. The instrumentation schedule is
thus very important. A schematic of the cold start instrumentation is
shown in Figure 5.11.

The air mass flow rate was measured using a standard ASME orifice
plate. The static upstream and downstream pressure taps were connected

differentially to a water manometer.

A strip chart recorder was used to measure transients such as inlet air
and fuel temperatures, fuel flow rates, fuel pressure, and exhaust temp-
erature. The calibrated turbine flowmeter provided accurate fuel flow
rates in. the range of 4.5 to 41 kg/hr (10 to 90 pph). The chart
recorder gave accurate measurements of time to light.

A video and audio record was made for each test. The video camera was
oriented such that excellent flame pictures were produced. In addition,
during light-up tests, the test engineer called out the test number,
fuel flow and time to light. These were recorded, along with the video

image, on video tape.

A complete log of 3ll relevant information was made by the rig
operator. These parameters included fuel and air inlet temperatures and
pressures, alr and fuel flows, exhaust temperature, and time to light.

5.2.3 COLD START TEST PROCEDURE

A special procedure was devised for undertaking the cold start tests,
Table 5.6. The procedure described is the fi..al version arrived after
several trial runs with the cold start rig. It was designed to produce
minimal set-up times and accurate, repeatable results. Seven fuels were
tested: Jet Al, Jet Al/B2, JP4, JP4/B2, ERBS-3, Tar Sands L-H, and
JP10., Furthermore, two nozzles were tested with each fuel: 0.9 and 3.0
flow number.

The purpose of these tests was to establish the minimum fuel air-ratio

. (far) that permits ignition at 3.9X (7°R) intervals between 289K (520°R)
and 242K (435°R). A maximum fuel flow was chosen as 5.4 kg/h (12
pph)corresponding to a far of 0.065. If light-up did not occur at
maximum fuel flow, a "no-light"” condition was assumed for that specific
temperature. The idea was to pinpoint the lowest temperature at which
iight—p would occur without exceeding the maximum allowable fuel flow.
The test parameters are listed in Table 5.5.
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5.3 FUEL HANDLING PROCEDURES

In order to prevent contamination of test fuels, certain procedures had
to be adopted for handling and transferring. The following fuels were
stored in 45 gal. drums: JET Al, ERBS-3, JP8 Shale, Diesel, Tar Sands,
JP10, JP4/2040/DF, RJ6. The remaining fuels, JET Al/Bl, JET Al/B2, JP4,
JP4/Bl, and JP4/B2, were stored in underground tanks. The samples used
for analysis were taken using specially lined funnels and cans. These
were always rinsed first with petroleum ether and then with the fuel
itself to avoid any contamination. In order to avoid any fuel mix-up,
all drums and tanks were identified with a letter code, i.e each fuel
was assigned a letter.

For each fuel tested. a standard flushing procedure was adopted. First,
all fuel lines were drained using compressed air. Then all fuel filters
were replaced by "flushing filters"” (these filters were only used for
flushing). The lines were then flushed using the new fuel, then drained
once again. The appropriate filters werc then installed (each fuel was
agssigned a specific set of filters). Finally, the entire system was
flushed using the new fuel.

'A schematic of the blending area fuel system is shown in Figure 5.12.
This system enabled direct hook-up of some fuels to the test cell.

5.4 DATA ANALYSIS PROCEDURE

5.4.1 COMBUSTION EFFICIENCY CALCULATIONS

The measured emissions (ppm) were converted to emission indices using an
in-house data reduction computer program. Wet concentrations of CO, HC,
and COp were used to compute sample fuel-air ratios based on the follow-
ing relationships:

[Mc-m MH][(I + h) [1074(CO) + (CO2) + 10™4(THC)] ]
far =
1

MAIR 00-0.25a [10~4(C0O) + (COp) + 10~4(THC)]

where: h = humidity of air, moles of water per mole of dry inlet

air
a = Carbon/Hydrogen ratio
M, = Carbon molecular weight

MAIR = Air molecular weight

My = Hydrogen molecular weight
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Combustion efficiency and emission indices are computed using the fol-
lowing relationships:

n = 100- [0.0232 EI_ + 0.0908 EITHC]
M
EI - (co) co
co 10-4 (CO) +(cO,) +10™4 (THC) 10 (Mc+ @ M)
_ (THC) Mac
E1 = —
HE 1074 (CO) +(C0,) +10~4 (THC) L0(M + a My)

BT, . (NO) - MNo,
X L1074 (co) +(coy) +1074 (THC) 10(M; + a M)

The program was modified to calculate a net temperature rise for each
set condition. The temperature rise is from a kinetics r-wutine which
uses all relevant fuel properties (C-H ratio, heat of combustion,
specific gravity, sulphur content, enthalpy of evaporation, etc.) and
calculates an ideal temperature rise. The previously calculated combus-—
tion efficiency is then applied to the ideal temperature rise to arrive
at an actual gas exit temperature. This information was used in NO, vs
T4 correlations which will be discussed in the chepter dealing with test
results.

5.4.,2 FUEL PRCPERTY CORRELATIONS

The main thrust in the data analysis was to try to correlate such per-
formance parameters as emissions, liner temperatures, flame radiation,
and combustion efficiency to such fuel properties as hydrogen content,
mean droplet size, volatility, etc. A central data base was therefore
established which would permit comparisons between any two parametric
sets of data (<moke emissions and fuel hydrogen content, for example).
A computer program was then set up to plo: anv combinations of these
data sets on an X-Y rplotter. This greatl: accelerated the task of
trying to draw correlations from the data. Ir most cases, a straight
line was drawn through data points using a linear regression technique.




WISATALT TR TTREALYTRE W SRS TRA TR ALY R T,

FONNC A iefolaalr Hll o U ROl S S SANCAR AL ST L R4 TP e 4 0 fov i g JN Il

These lines were meant ouly as trend indicators and were not meant to
dictate the type of correlation (linear, 2nd order, etc) present. The
plotting capability proved to be a valuable tool in the data analysis.
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Table 5.1: Lean Limit Test Parameters

Condition P3 T3 We Alr Loading
No. MPa K kg/s Parameter

(atm) (R) (1b/s) Q

1 0.41 375 .100
(4.0) (675) (.230) 314

2 0.41 375 .143
(4.0 (675) (.323) 441

3 0.41 375 .187
(4.0) (675) (.417) «569

4 0.41 375 «231
(4.0) (675) {.510) «696
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Table 5.2: Thrust level Test Parametei's

Condition |Thrust P3 T3 We T4 (ideal)

No, level MPa K kg/s K :

x | ) | (B | abe) [ ®

1 6.8 | .385 375 .186 835 |

(3.6 | (675 | (.41 (1503) 1
2 0 | .446 500 .130 1030

i (4.4) (900) | (.287) {1854) 1

4

B! 3 60 | .689 569 .208 1192
5 (6.8) | (1025 | (.458) (2146)
. . 4 90 | .907 617 277 1331
~ (8.95) | (1110) | (.611) (2356)
. 5 100 | .988 631 .295 1367
(9.75) | (1136) | (.65 (2460)

Table 5.3: Power Level Test Parameters

Condition |Power P3 T3 We T4 (1deal)

No. Level MPa K kg/s K

4 (atm) (R) (1b/s) (R)

1 3 0.354 366 0.155 907
(3.49) (658) (.344) (1633)
2 60 0.664 « 540 0.155 1089
(6.55) (972) (.344) (1961)
3 100 0.837 574 0.185 1202
(8.26) (1034) (.407) (2163)
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Table 5,%: Parametric Test Parameters

Condition P3 T3 We F/A
No. MPa K kg/s (for JET Al)
(atm) (R) (1b/s)
1 l.€21 586 «291 +0205 )
(16.0) (1054) (.64)
2 1.013 586 «291 +0205
(10.0) (1054) (.64)
3 0.492 586 «291 .0179
(4.86) (1054) (.64)
4 0.613 586 291 .0205
(6.05) (1054) (.64)
5 0.492 586 «291 »02C5
(4.86) (1054) (.64)
6 0.492 586 «291 .0225
(4.86) (1054) (.64)
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Table 5.5: Cold Start Test Parameters

We air mass flow .0231 kg/s  (.0511 1b/s)
Vg fuel maximum flow 5.44 kg/h (12 1b/hr)
P3 air inlet pressure 0.10 MP4 (1.0 atm)
T3 air inlet temperature 241-289 X (434-520R)
Tf fuel inlet temperature | 241-289 K (434-520R)
- 79 -
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Table 5.6: Cold Start Testing Procedure

1. Flushing the fuel system

~ drain tank, lines, and filter housing
- change filter
- add 2 quarts of new fuel
= run pump for 5 minutes alternating between bypass & test modes
- drain tank, lines, and filter housing
- replace filter
~ add 2 gallons of unew fuel
2. Regulating fuel & air temperatures

= f£111 fuel cooler with about 5 gallons of alcohol

- add dry ice plece by piece until one whole block has been
inmersed

- close cover & connect vent

- before starting the fuel pump, close micrometer valve and open i
cooler valve

- set fuel circuit to bypass mode

- start fuel pump & close cooler valve until about 100 psi is indicated
on the cooler gauge

-~ open micrometer valve to desired fuel flow

- start main air and switch on the refrigeration unit

- allow both the fuel and air systems to reach steady state conditions

~ adjust fuel heat exchanger vo the desired temperature

~ set air flow temperature to within 3°F of fuel temperature using the
hot-air bleed

- when both temperatures are closes enough and appoar to be reasonably
steady, a light-up may be atteapted

3. Lighting-up Procsdure

™o light-up atteupts will be made at each temperature regardless of
whether or not light -up occurs on the first trial, The following proce-
dure should be adhered to as closely as possible to ensure consistent
results.

~ prior to test, record ambient conditions and applicable data: date,
fuel types, ambient temperature, dew point temperature, barometric
prassure, etc.

- prior to light-up, record set-up conditions: Test No., video counter
reading, fuel temperature, fuel flow and pressure (bypass), orifice
P, upstrean pressure, Ty, T4, T, downstream T.

- start strip chart recorder and inscribe Test No., and video counter
reading

- start video and narrate REF#, and air temperature

- switch on igniter 5 seconds prior to fuel flow & mark strip chart

- sgwitch fuel "on", mark strip chart & say "fuel on"” into microphone

- allow maximum 30 seconds for light-up and describe what is happening
into the microphone

=~ 1f no light-up:

tura off fuel, igniter, video, aud 'strip chart

allow cne minute for fuel to drain

turn on stcip chart and video & say "repeat previous test”
repeat light-up attempt

1f still no light-up, drain fuel and proceed to next test point

» % %% %

1
[ od
[

light-up:

record fuel flow at light-up

allow combustion for 5 seconds

record Ty prior to shut-down

shut—off fue]

say “fuel off” into microphone & switch off video and strip chart
allow two zmin:tes for cool down

repeat test

se BB

-~ omce Bth trials bove deez de, regardless of wvhether or not they
e sucoessfcl, st 2t sad ‘wrl 23 wee? -emditiex.
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General View of Can Combustor Rig

Figure 5.1:
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Multi Point Temperature, Pressure and Emissions Probe

Figure 5.6:
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1, 10,11, 2 T0 FILL BT FROM TANKER
3, 10, 11, 2 TO FILL BT FROM SS
4,10, 11, 7, 8 TO FILL S5 FROM BT
4,10, 11, 2 TO CIRCULATE BT
4,10, 11, S TO TRANSFER FROM BT TO UNDERGROUND STORAGE
4,6,9,7, 2 TO USE BT AS SUPPLY TO TEST CELL
4. 6,9, 8 7C USE SS AS SUPPLY TO TEST CELL .

Schematic of Blending Area Fuel System
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SECTION VI

REBSULTS AND DISCUSSION

’ All the tests described in the tast plan (Section II) were complated
with only minor modifications. The planned and achieved tests are shown

below:
!
|
Thermal|lean |Cold |Power|Thrust|Parametric|Total j
Paint |Limit|Start|Level|lavel
Test Plan 4 132 1 112 | 90 330 198 866
* Actual 14 154 | 209 [ 74 [ 2n 198 1020

In general, results were repeatable and the test results listed in Ap-
pendices A through F are discussed in detail in the following sections.

6.1 LEAN-LIMIT TEST RESULTS

lean-limit fuel-air ratios (LLFAR) were obtainad at four different air
flows for each test fuel/fuel nozzle combination. All fifteen fuels
were tested with the simplex pressure atomizing nozzle, and in general
an increase in air flow resulted in an increase in lean-limit fuel-air
ratios, Fgures 6.1 and 6.2. As expected, Jet A}l and JP8 showed very
similar lean limit performance. The addition of 2040 solvent to JP4 and
Jet Al fuels caused a marked increase in LLFAR. The tar sand fuels all
showed similar stability performance except for the L-L blend which
resulted in much poorer lean stability, especially at high air flows
L (Mgure 6.2). JP-10 also showed a marked increase in LLFAR at high air
flows, while Diesel and ERBS-3 fuels showed similar lean 1liamit
performsnce. In order to compare all fuels on an absolute basis,
lean=-limit fuel-air ratios were determined for two air flows. The
first, 0.236 kg/sec (0.52 1h/8) corresponded to an air loading parameter
e simulating idle (0.71) and the second air flow, 0.141 kg/sec (0.31
. lb/s) to esimulate Mach MNuaber (M.) at idle (.027). Interpolated values
of LLFAR at the two air flows (Table 6.1) were then correlated with fuel
properties. These included fuel hydrogen content, fuel volatility
expressed as 10X recovery temperature and the physical properties 1i.e.
viscosity, surface tension and density. Best correlations with physical
properties were achieved when expressed in terms of empirical parameters
for mean droplet size. The relative droplet size was defined as the
ratio of Sauter Mean Diameter (SMD) of the fuel in question and the SMD
of JPA. The SMD of the spray produced by a pressure atomizing fuel
nozzle 18 generally expressed in the form:
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K Wg 0.25 vg 0.20 of 0.60
SMD =
Ap0+40

2
and AP = C_Sfﬁ.!il
g (FN) 2

where K anéd C = constants i
SMD = Sauter Mean Diameter

P = Fuel Pressure Drop :
FN = Fuel Nozzle Flow Number |
Wg = Fuel Flow Rate ’ '

" vwf = Fuel Kinematic Viscosity
of = Fuel Surface Tension
pg = Fuel Density

Lean limit performance at the air flow rate of 0.236 kg/sec (R, equiv- !
alent) correlated well with fuel hydrogen content (Figure 6.3) but poor-
ly with relative fuel droplet size and fuel volatility. A different
trend was observed at 0.141 kg/sec (Mach number equivalent) where relat-

ively poor correlation resulted with fuel hydrog 7 cu.*ent and good cor-
relations with relative fuel droplet sizz and volatility (Figure 6.4).

Linear regression analysis resulted in the following correlations:
LLFAR = 0.0409 - 0.0026 (H) for 441
LLFAR = 0.0247 = 0.0015 (H) for Mjq4ie
LLFAR = 2.27x10"3 (K)=-.0047 for Mjq)e
'LLFAR = 0.0QBA (RSMD) - 0.0C495 for Mj,;q
"where LLFAR = lean Limit fuel-air ratio
B Fuel Hydrogen Content

K 10Z Recovery Temperature, K
RSMD = SMD/SMD jp,;, relative fuel droplet size

Similar lean limit tests were conducted with duplex, airblast and vapor-

izer nozzles, using six test fuels in each case. Reszults showed similar
lean stability trends batween simplex and duplex pressure atomizers

(Figuras 6.5 and 6.6), increasing air flow rates resulting in higher
lean-1imit fuel=-air ratios. The airblast nozzle however 1llustrated
reletively small dependence on air flows, but fu general, lean stability
was worse than with pressure atomizers. Finally, the vaporizer nozzle
shewed the worst performance, with very poor stability at medium to high
ajrflows. Similar nverail trends were observed with all six test Iuels
(Figures 6.5 and 6.(,. :
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6.2 COLD START TEST RESULTS

Stari~up tests were conducted for seven fuels using two simplex nuzzles

(0.9 and 3.0 FN); the 0.9 FN nozzle was simulative of a 0.9 FN primary

plus 2.1 FMN secondary duplex system operating on primary only at

light-off. For each condition, a minimum light—off fuel-air ratio was

established. The results are illustrated in Figure 6.7. For the fine

spray atomizer (0.9 FN), all fuels 1lit down to 242K (435°R). For the

coarser norzle (3.0 FN), JP4 Ffuel 1lit at 242K while other fuels had
miniow, light-off tempera-ures higher than 242K. JP10 did not light 1
evean at 289K (520°R) with this nozzle. A comparison of uwinimum light-up i
trmperature for each fuel is shown in Figure €.8. It is evident that
addition of 2040 solvent to base fuels considerably worsens the start-up
performance.

An attempt was made to correlate minimum light-off fuel-air ratio to
fuel volatility (expressed as 1CX recovery temperature). A good corre-

lation exists between these two parameters (Figure 6.9) both at 289K
(520°R) and 241K (434°R) indicating that the more volatile fuels have

better start-up characteristics than the iess volatile ones.

Minimum light-off fuel—-air ratio alsc correlated well with relative fuel
spray droplet size (Figure 6.10) reinforcing the premise that fuel drop-
let size is an important factor influencing stari-up capabilities.

Hydrogen content was not a strong determinant of minimum light—-off fuel

air ratio and minimum light-off temperature (Figure 6.11) indicating

that fuel properties other than H-contant had a stronger influence.

Besides minimum light-off fuel-air ratio, attempts .ere also made to
characterize the fuels according to temperature rise after light-off; .
however, results indicated that temperature rise was directly related to

time to light (Figure 6.12). Therefore, time to Liight was plotted

versus fuel 10X recovery temperature. The trend indicated that the more

volatile fuels (JP4) generally took less time to light than the less

volatile ones (Tar Sands, ERBS-3, etc).

Linear regreasion analysis of the test data resulted in the following
' correlations:

. at 289K (520°R): MLOFAR = 2,15 x 10~4 (K) - 0.037 for 3.0 FN
MLOFAR = 6.84 x 10~9 (K).- 0.0073 for 0.9 FN
MLOFAR = 0.115 - 0.00454 (H) for 3.0 FN
MLOFAR = 0.045 - (0.0015 (H) for 0.9 FN
TR = 180.8 + 4.54 (TTL) for 0.9 FN; feaere = 0.0250
TTL = 0-0733(1() - 16.92 for 0.9 FN; fe.a.re. = 0.0250

at 241K (434°R): MLOFAR = 6.845 x 1072 (X) = 0.00732 for 0.9 FN

at any temperature: MLOFAR = 0.0417 (RSMD) for 3.0 FN
MLOFAR = 0.015 + C.006 (RSMD) for 0.9 FN

where: MLOFAR = Minimum light—off fuel-air ratio
TR = Terperature rise 5 seconds after light-off (K)
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TTL = Time to light (sec)
X = Fuel 10X Recovery temperature (K)
H = Fuel Hydrogen content %

6.3 COMBUSTION INEFFICIENCY

Combugtion inefficiencies were obtained from measurement of unburnt spe- i
cies in the exhaust, i.e. THC and CO. Measurements were made at idle,
60 and 100X power simulation on the turboprop cycle, and idle, 30%,
60X, 902 and 100X thrust simuletion on the turbofan cycle. Thrust level
similation included all 15 fuels with sjimplex atomizer, and six fuels ;
(Jet Al, Jet Al1/B2, JP4, JPA/B2, RRBS-3 and Tar Sands L-H) with duplex, |
airblast and vaporizing nozzles. Power level simulation included all 15 :
fuels, but with the simplex nozzle only. |

As diséupséd“in Section 1I, a potentially significant parameter for cor-
relating combustion inefficiency is the air loading parameter, expressed
as follows:

K] W
QL =

P3l‘.8 e T3/K2 ve

The expression represents a rough approximation of the extent to which
the fuel combustion should have proceeded. Specifically,
e 0 | 1
(reaction rate) x (residence time)

Thus larger values of R, méan that the product of the rate times the
residarice time is smell, indicating that eitheér the reaction rate or the

residence time or both are small. High valves of combustion
inefficiency can then be expected. Conversely, smaller values of Qe
e T indicate higher reaction rates and/or residence time which both

contribute to low values of combustion inefficiéncy.:

Figure 6.13 shows combustion inefficiency vs Q. plots for the various

fuels operating on the thrust simulation cycle with simplex atomizer.

Figure 6.14 shows similar plots with simplex atomizer when operating on

? the power simulation cycle. On both plots a high value of fic corresponds

- to operation at low power simulations such as idle while low values of

1. correspond to operation at higher power levels. Figure 6.13(a) indi-

cates the effect of 2040 solvent on Jet Al, higher combustion ineffici-

encies resulting over the entire simulated operating range. The effect

of solvent on JP4 is similar except JP4/Bl, having a lesser quantity of

blend (i.e.; higher hydrogen content), and yet a higher combustion

inefficiency than JP4/B2 (figure 6.13 (b)). The reasons for this

inconsistency are not known. JP8 performance is similar to Jet Al,

Figure 6.13(c), while Diesel and ERBS-3J are somewhat worse than Jet Al.

Among Tar Sand fuels Figure 6.13(d), combustion inefficiency with L-H is

simiiar to Jet Al; reducing the hydrogen content with H-M, L-M and L-L
results in higher inefficiencies.
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Figure 6ed4 lhdwo ;eonbustio;\ afficiency performance on simulated turbo-
prop cycle with simolex noszzle, the trends being similar to the thrust
lavel tnta.

o Figure 6 15 showo p.rforuncc eo:plruon of different fuel nozzles with

B -3

six of the test fuels. In all cases at low power levels the airblast
nortle had higher combustion inafficiencies than pressure atomizers, but
performad as well as. the pressure atomizers at high power levels with
the sore:viscows fugls. The vaporizar nozzle performed very poorly at
lovw and intermediata power levels.

Figure 6.16 shows the effect of H-conient on idle combustion ineffic-
iency. For each fuel, idle combustion inefficiency was interpolated for
8 ¢ = 0.71 on the thrust cycle and 2, = 0.62 on the power cycle for
simplex ineztle. The trends indicete wide scatter, but generally display
higher.idle imsfficiqacy as the hydrogen content is reduced. The plots

4leo show imtlay trends for .Jet Al fuels, but with much less scatter
. than with other fuel types. The general correlations based on linear

ruteuion are as fouwn.

I

Inefticicncy - 18.319 - 1.054 (H) for thrust level tests

Intfficiency = 11.136 - 0.565 (H) for power level tests

!’i'uu 6.17 shows the cffcct of relative droplet size on idle combustion
‘inefficiency. While there is a marked trend with RSMD, the wide scatter

implies that factors other than R have significant influence on the
mhultiou procc”- Correlstions with relative droplet size are as fol-

Mt ; ‘; -’A,. gL, .—-‘)f. R o .
Ilot!ieieqey‘-fs.OSA (SMD) - 1.48  for thrust level tests
. (B5)
quficknéj.-é 9..___;:01 (___:a(__l;) = 7.165 for pover level tests
o T TY

Pigure 6.1 shows depsvdence of idle combustion inefficiencies on 10%

mcovcry temperatuze - (T1g), trends indicating the expected effect of
gcr idle tombustion imafficiency with reduced volatility. The cor-
a o

tigens are: - .
Inefficiency = 0.0173 (Ty0) - 2.912 for thrust level tests
Inefficiency = 0.0235 (T10) - 6.401 for power level tests

‘6.4 HYDROCARBON EMISSIONS

Data on THC emissions with the simplex pressure atomizing nozzle corre-
lated very poorly with e£11 three variables i.e.; hydrogen content and

relative droplet size (Figures 6.1Y and 6.20), and volatility. Correla-
tions with hydrogen content were considerably better when examined

- separately for the Jet Al or JP4 fuels and respective 2040 blends,

Figures 6.21, 6.22.
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The poor correlation of THC emissions with hydrogen content is consis-

tent with reportad data on other cowbustion systems5; however, the poor

relationship with relative droplet size of the pressure atomizer is

- somevhat surprising. Figure 6.23 shovs a comparison of differenc fuel

gee o o atopisers at 60X thrust simulated conditions. The vaporizer nozzle

' "' shows much stronger influence of hydrogen content than other forms of
tuel pétparatton.

Par-ntrtc tests showed no measurable THC emissions because of the

rapresenitatioh of high-end operating conditions, so trends with P3 and
~ fuel-air ratio could not be evaluated.

6.5 CO EMISSIONS

The dats on carbon monoxide emissions at idle generally correlated well
§§\&; vith the lydrogen content of the fuel, as is evident from Figure 6.24.
e Thrust level simulation at idle showed stronger sensitivity of CO
enis. s to hydrogen content than power level simulation at idle. Take
off simulation in both cases showed relative 1insensitivity o
:yg{ogen coantent. Correlations with respect to hydrogen content are as
ollows:

At tdle: Elcg = 236.4 - 11.18 (H) for thrust simulation
EIco = 144.5 - 4.61 (H) for power simulation

At Ihke-off' EICO = 33.69 - 1.92 (H) for thrust simulation
EICo = Y, l for power simulation

co tninlions with a simplex pressure atomiser correlated poorly with

‘relative droplet size and volatility, Figures 6.25 and 6.26, plots

showing considerable data scatter. This relative insensitivity to fuel

property variables is similar to reported data from J-79 combustors,

' (Migure 6.27), although stronger dependence at SMD ratios close to 1 and

=~ Tig 1in the “-350<360K range were not repeated (probably due to
¢ o7 4{neufficient data).

" .The effect of ctatging stomizers could not be evaluated at idle due to

poor stability of airblast and waporizer injectors at low power. Figure
6.28 shows comparison at 60X thtust simulation for the four atomizer
types. Ounce again the vaporizing nozzle showed strongest influence of

hydrogen content.

v
G

Parametric tests showed a reduced sensitivity to hydrogen content as the

operatiug pressures were increased, Figure 0.29. No trends were
observed with fuel-air ratio variation, (as is indicated by the scatter

in Figure 6.29 (b)), but all the data were for operation at high
combistor delivery temperatures representing low levels of CO emission.
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6.6 NO, EMISSIONS

Figure - §.30 shows an attempted correlation of NO, emissions with fuel
hydrogen coantent. For both simulated thrust and power level tests,
take-off NO;y emissions with a simplex pressure atomizer appear insens-
itive to_ hydrogen content. Idle NO, however decreases with reduction in
hydrogan coantent which is probably the impact of lower primary zone gas
temperature resulting from decreased combustion efficiencies at idle.
Similar. trends have been cbsarved on. other combustors, as shown in
Figure §+31 for TEI9 engine. At high power, however, NOgemisssions can
be expected to .ing¢rease with reduced hydrogen content because of
iacreage in flame temperature. Relative insensitivity in this case
indicates that changes in flame temperature are not of a sufficient
magnitude tq significantly influence NO; emmissions.

Data ttdg other .engines appear to indicate thht the trends are dependent

on combustor design. For example, the J85 combustion system with pres-

sure atomizer appears to have only a poor dependence of NOy emissions

vith hydrogen content, whereas the F)Jl combustion system with airblast

atowmizer has. 8 much stropger influence of hydrogen content, Figure
. 6,31, - The TF39 combustion aystem showed an opposite trend, NOy emis-
- sions reducing with lower hydrogen content- N

Comparison of fusl nozzles, Figure, 6.32, shows stronger dependence bet-
ween NO, emissions and hydrogen coatent for airblast and vaporizer
systems, The increase of NO, emissions with reduction in hydrogen
content pogsibly implieg stromger influence of flame temperature changes
- for these fuel systems.

NO, emissions were also found to be ifusensitive to relative dreoplet size
(oI pressure atomizer) and volatility of fuel, Figure 6.33. Figures
6.34 and 6.35 show results of parametric tests with the simplex atom-
izer. For all fuels, strong dependence cr operatirnz nressures and marg-
inal dependence on fuel-air ratius were ouserved.

6.7 SMOKE EMISSIONS

Figuteu 6.36 to 6.38 summarize results of smoke tests with the simplex
pressure atomizer. Only data from thrust level tests were considered

since a leak in the smoke sample collector was discovered halfway

3 . through the test program. Therefore the power level data were discarded f
‘ and tests were repeated for take off simulation of thrust level with all

e fuels. '

: Figure 6.36 shows the variation of smoke with fuel hydrogen content, the
o general trend indicating an increase in smoke emissions as the fuel

hydrogen content is reduced. Correlations based on linear regression
are as follows:

SN = 146 - 8.33 (H) at take off
SN =.72.6 - 4.58 (H) at idle

The data also indicates considerable amount of scatter and inconsistent
trends hetween take—off and idle. It may also be noted that JP-10
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: , resulted in smoke levels generally lower than the trend line, the effect
[ being particularly apparent at low power simulation (Figure 6.36).

. Figure 6.37 shows smoke number as a function of hydrogen content for Jet
Fio Al and JP4 bamed fuels. Figure 6.38 shows smoke number at take-off
r plotted against aromatic content by volume and fuel naphthalene
‘ content. Figure 6.39 shows variatious of aromatic and naphthalene
contents of test fuels. With Jet Al and JP4 fuels, the addition of 2040
solvent increases both aromatic and naphthalene contents appreciably and
i results ir a strong increase in smoke level. However fuels such as L-H,
?5:“{ H-M, L-M -have relatively lower naphthalene content accompanying
‘ moderately high aromatic content, and these fuels appear to have
correspondingly lower smoke émissions. Oa the other hand, ERBS-3 with
higher than average naphthalene content appears tc have higher smoke
enissions. These observations appear to indicate that the types as well
L ‘ as overall levels of aromatics are significant and that the presence of
Eﬁg;f high concentrations of more complex multi-ring aromatics may increase
the propensity for smoke formation.

Figure 6.40 shows the effect of relative droplet size for the pressure
atomizer; once again the trend at idle appears inconsistent possibly due
to wall quenching effects; however, take-off smoke increases marginally
b with increased fuel droplet size.

Figure 6.41 shows the effect of fuel preparation technique on smoke

emissions. Airblast and vaporizer nozzles result not only in lower

smoke emissions but also appear to be less sensitive to hydrogen

contents. These trends are consistent with results from other programs,
iy Figure 2.1, which have compared performances of airblast (F10l1) and
Lo pressure atomizing (J79) combustion systems.

6.8 CARBON AND FUEL SPRAY QUALITY

In order to obtain qualitative understanding of carbon deposition and
fuel atomizer performance, checks of carbon bujild-up and fuel nozzle
sprays were made after continuous running for 3.7 hours on the simulated
turbofan cycle and 2.5 hours on the simulated turboprop cycle. There
was no evidence of carbon formation on the main body of the liner with
any of the test fuels. Airblast and vaporizer nozzles did not show any
carbon or soot on either the air-fuel passages or on the swirler faces.
There was however, depending on the fuel, soot and carbon formation on
the front face of the pressure atomizer swirler sheath. Figures 6.42 to
6.45 show photographs of nozzle swirler front face, along with mcasured
maximum thickness of carhon formation. With some of the fuels there was
evidence of carbon shedding which made comparison with other fuels dif-
ficult. With Jet A based fuels for example, evidence from thrust cycle
runs showed 1lncreased carbon build-up with reduced hydrogen content;
however, on the power cycle, carbon shedding with Jet Al/Bl and Jet
Al/B2 gave inconclusive results. Shale JP8 showed build-ups similar to
Jet Al. JP4/B2 showed different carbon build-ups on the thrust and
pover cycles. On the power cycle, there were unexpectedly high carbon
build-ups while on the thrust cycle, the carbon build-ups were lighter
than both JP4 and JP4/Bl. However, in the latter case most of the
carbon appeared to be of the soft type prone to easy shedding, which may

=
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explain the low measured build-up. Diesel resulted in heavy build-up on
the pover cycle, Figure 6.45, while L-M tar sands showed heavy build-ups
on both thrust and power cycles. Low hydrogen tar sands blends (L-L)
showed marginally heavier build-ups than the high hydrogen blends
(L-H). JP-10 resulted in moderate carbon build-up on the turboprop
cycle and much lighter build-up on the turbofan cycle.

Table 6.2 shows measured carbon build-up with the various fuels.
Because of carbon shedding with some of the fuels, only qualitative com-
i parison is possible. In general, reduced hydrogen appears to increase
carbon forming tendencies; heavy carbon build-up was observed with
JP4/B2, L-M tar sande and Diesel fuels. Surprisingly ERBS-3, compared
with Diesel, showed very little carbon build-up on both thrust and power 1
cycle operations.

. Changes in fuel composition can alter the thermal stability of the fuel
and lead to changes in the propensity for deposit formation on the sur-
face of fuel passages in injectors and manifolds. However, the thrust
and povwer level tests showed no apparent deposit formation in the fuel
passages which affected the quality of the fuel spray in a visual
sense. The other possibility is carbon deposition on hot fuel nozzle
faces and coabustor components due to the early cracking of the fuel.
Attempts were made to correlate the maximim measured carbon deposits
with fuel breakpoint temperatures (shown in Table 3.5). A wide degree
of scatter was observed preventing correlation of thermal stability to
carbon deposition rates on fuel nozzle surfaces,

6.9 LINER METAL TEMPERATURES

Liner temperature measurements werzs obtained with 12 thermccouples loca-
ted on the cold side of the liner. As described in Section 1V, the
thermocouples were located in the primary, intermediate and dilution
zones of the combustor. The liner temperatures, in general, showed wida
variations from test to test, apparently in a random manner. For
example, while some liner temperatures appeared to 1increase with
decreasing hydrogen content at some power settings, at other settings
the reverse occured. These effects are thought to be the result of
local fuel-air ratios and flame fronts being influenced by fuel propert-
ies. As well, three of the thermocouples were erratic and one failed
midway through the test program. For purposes of analysis, data from
® the eight thermocouples shown in Figure 6.46 were considered.

Figure 6.47 shows average liner delta T's(T; - T3) at simulated take

. off thrust condition as a function of fuel hydrogen content, for the
simplex fuel nozzle. While the data shows considerable scatter, the
general trend indicates higher metal temperatures correspording to
reduced hydrogen coantent. Less scatter may be observed for individual
groups of fuels such as Jet Al and JP4. Figure 6.48 shows the same
effect when expressed as Liner Temperature Parameter, which is based on
average liner temperature relative to the baseline JP4 fuel. The
relationship between Liner Temperature Parameter 3and fuel hydrogen
content can be expressed as follows:

TL - TLipy = 0.336 - 0.0189 (H)
TLypy = T3
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Also shown for comparative purposes are the engine correlations by
Blazowski 11, the dashed lines encompassing data from five combustors.

Figure 6.49 shows the data plotted against fuel aromatic content.
Increases in the aromatic content of the fuel can have substantial
impact on the radiant heat transfer to the combustion liner, because of
the increased concentrations of highly luminous carbon particulates in
the combustion gases. Radiation effects are likely to be most signifi-
cant in the primary combustion zone where the local fuel-air ratios and
gas temperatures are the highest. JPl0, being a synthetic fuel shows
high temperature lavels, in spite of the absence of aromatics.

To everiuate the effect of fuel properties on radiation, measurements of
radiant heat flux were made at two pressure levels using a transpiration
vadiometer (Section 5.1.3). Figure 6.50(a) shows radiant heat flux as
a function of fuel hydrogen content, data at both pressure levels
showing good correlations according to:

Q- = 3878 - 184.6(H) at Py = IC atm
Qr = 2620 - 166.7(H) at P3 = 4.8 atm

Stronger trends were apparent at higher pressure levels, larger droplet
slize resulting in higher radiant heat loads (Figure 6.50(b)). Correla-
tions for droplet size are as follows:

Qp = 547 + 733(RSMD) at P§ = 10 atm
Qr = 165 + 244(RSMD) at Py = 4.8 atm

Figure 6.51 18 a plot of Liner Temperature Parameter against Relative
Radiation Flux defined as (Q./Qjp4)- It appears that much of the
increased liner temperatures associated with reduced hydrogen content 1is
due to increased radiation loads on the liner walls; however the data
scatter also indicates that other parauv-:ters may be influencing the
liner temperatures. Also, liner temperatures are averaged over the
entire combustor, whereas radiation measurements were made ir the
primary zone only.

Figure 6.52 shows the relative effect of fuel atomizers on liner temper-
atures. Airblast and vaporizer nozzles appear to be less sensitive to
hydrogen content than pressure atomizing nozzles, which augurs well for
advanced combustion systems which use these techniques for fuel prepar-
ation.

Figures 6.53 through 6.55 show results of parametric tests on average
liner metal temperatures. Increasing operating pressures result in
higher liner temperatures. While the effects on Jet Al, Tar Sand and
Diesel groups are similar, there is considerable variation among JP4
based fuels. Fuel-air ratio effects, Figure 6.54, also show inconsis-
| tent trends with JP4 based fuels. Figure 6.55 shows liner temperature
| data at two of the parametric test conditions. The relative effect of
‘ using different fuel nozzles was similar to trends observed at 100%
‘ thrust simulation (Figure 6.52). The lower liner temperatures with the
vaporizing nozzle may be the result of lower radiation and direction of
fuel-air mixture toward the dome of the combustor.

| - 102 -

PO TIRA Y Rt ML UL Mt AL P e TWMs M e mL wmer v e rem W % A .Ml v Y w " ™ %" v W w e e . m  w L wm e




o

S S S e e - B B B NN N Y

TE Wi Ye NP LWL &AL,

“Table 6.1: Summary of Lean-Limit Test Results
ool LL FAR for{diq1e ® | LL FAR fre Mygpq **

JEt AL 0.0048 +0041

JET AL/L 0.0069 <004)

JET AL = 0.0066 +0049

P8 Shale ' 0.0048 0040

N 0.0036 +0034

Jra/sl 0.00%% +0039 * o Ve = 0.236 kg/s (0,352 1b/e)
Jei/ny 0.1030 0042 Py = 0.41 M3 (4.0 ata)
J4/2040/d5a0et 0.0070 0043 Ty 313k

Sioplax Nosale .
“" "c = 0,141 kg/e (0,31 1t/s)
L . o008 . | <0084 (B3 = Q.41 XPa (4.0 acta)
Ddesel - 0,0063 0079 T3 = 373 K (875°R)
e 0.1300 0070 Sinplex Mozile
AY

Tr Sands L-N 0.0::31 -0034

Tar Sands W-X 0.0032 +0034

Tar Sands LM 0.0081 0954
Tar fands L-L 0.004? +0063

Table 6.2: Summax;- of Nozzle Face CTarbon Accumulaticns

SR e sMAML™ WL TA, B LT

TEST FUELS
. ar |ozr f T nca are | ra |uras TAR SANDS
AL Al Al §JP=8 | ERDS | O™ 31 B2 [2040/ =10
| 33 | H or L-d LM L~L | N=M

Thruit loew]l Tests
(4.5 hour cycle)
Sisplex Noszle .76 .94 1.2 64 o* .19 1. 1S 1.1 o* 29 3.2 1.2 o* <8
Powar Lwel Tosts
{3.% hour cycle) 79 .28 .35 1.4 o «25 o 122.9 .64 2.1 .84 | 21.8 1.3 .76 1.9
Siwplex Noszle
Thrunt lovel Tosts
{4.3 hour cyecls)
g les Nozzle ' 1.1 1.7 4.4 1.3 G4 .69

dimensions are in mm,
* No carbon, but stains indicate possible shedding
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Figure 6.1: Effect of Airflow on Lean-Limit Fuel-Air Ratio
(Jet Al and JP4 Based Fuels, Simplex Nozzle)
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. Figure 6.2: Effect of Airflow on Lean-Limit Fuel-Air Ratio
(Tar Sands and Diesel, ERBS-3 and JPl0Q Fuels)
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Figure 6.5: Effect of Airflow on Lean-Limit Fuel-Air Ratio
(Nozzle Comparison)
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Figure 6.9: Effect of Fuel Volatility on Start-up Performance
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Figure 6.38: ’'.ffects of Aromatics and Naphthalene Contents on Smoke Emissions
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Figure 6.50: Etfect of Hydrogen Content and Spray Quality on Radiation
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Figure 6.53:

Inlet Pressure MPa
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(Parametric Tests, Simplex Nozzle)
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

Based on the rig tests with the can combustor, together with other re-
ported data on fuel effects, several conclusions and recommendatiouns are
presented.

7.1 CONCLUSIONS

(a) The Can Combustor proved to be a satisfactory tool for evaluating
combustion characteristics of the candidate fuels while simulating

performance of small turboprop and turbofan combustion systems.

The data base has been used to determine test requirements for
reverse flow annular combustion systems with selected fu.1s.

(b) Lean Blow Out Stability is strongly influenced by fuel hydrogen
N content and by spray quality. Volatility effects are mixed: For
JP4 based fuels volatility appesrs to have little influence on lean
blow out performance, whercas for other fuels volatility has a
stronger effect. Airblaat and vaporizer nozzles have worse lean
blow out limits than pressure atomizing nozzles.

(c) Cold Start Tests indicate that minimum light off fuel-air ratio and
minimum light up temperature are strongly influenced by volatality
and by properties affecting fuel atomization. Fuel hydrogen con-
tent appears to have a weak influence on light-up characteristics.

(d) Steady State Performance Tests indicate that low end combustion ef-
ficiencies are significantly influenced by fuel properties; CO
emissions are strongly influenced by fuel hydrogen content and
weakly by relative droplet size and volatility; THC emissions are
strongly influenced by fuel hydrogen content and relative droplet
size. Fuel effects on NO, emissions at take—off are small and

within range of repeatability; at idle NOyx emissions appear to be
influenced by combustion efficiency which affects reaction zone gas

temperatures. Smoke levels are strongly influenced by fuel hydro-
gen content, aromatic content and atomizer design. The nature of
. the aromatics appear to influence the smoke emissions as well.

(e) Carbon Check Tests in some cases were inconclusive pussibly because
of carbon shedding with several test fuels; there was no liner car-
bon or soot with any of the test fuels. Carbon on the pressure

! atomizer swirler sheath was relatively heavy with JP4/B2, L-M tar

| sands and diesel. There was no fuel nozzle carbon with either air-

‘ blast or vaporizing nozzles. No fuel spray deterioration was

observed with any of the nozzles or test fuels.

(f) Radiation Heat Lloads and Liner Temperatures are strongly influenced
by fuel hydrogen content and by properties affecting fuel atomiza-
tion characteristics.
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(g) Consistent trends have been observed between baseline fuels (i.e.
Jet A and JP4) and their corresponding blends. Therefore,
reverse-flow annular combustor tests can be confined to the
baseline and one deviate fuel. L-H and L-L fuels appear to
represent extremes of the tar sand family and ERBS-3 1is a good
representative of broadened specification fuels.

7.2 RECOMMENDATIONS

The foilowing test plan is recommended for Phase III testing with PT6

and JT15D reverse-flow annular combustion systems. 1

7.2.1 TEST FUELS: The test fuels for the program axe:

S PT6 Atmospheric Tests: Jet Al, Jet Al/Bl, Jet Al/B2, JP4, JP4/B1,
JP4/B2, JP4/DF/2040, ERBS-3, Shale JPF3, L-L Tar Sands, L-H Tar
Sands and JP-10 (12 fuels).

- PT6 Full Pressure and Cold Start Tests: Jet Al, Jet Al/B2, JP4,
JP4/B2, ERBS-3, Shale JP-8, L-L, L-H Tar Sands, JP-10 and RJ-6 (10
fuels).

. JT15D Acmospheric Tests: Shale JP8, JP4, ERBS-=3 aad JPlO0 (4
fuels).

7.2.,2 PT6 ATMOSPHERIC COMBUSTOR TESTS:

« Combustor Configuration - 2 (Bill of Material and
Lean Front End)
« Fuel Nozzle - 2 (Simplex With Different
Flow Numbers)
« Operating Cycle - To Simulate PT6A-65 i
« Test Matrix - Data Points
Therwal Paint 2

By Temperature Traversing

f Steady State Performance 240
Y|

o Stability (lean Limit) 96
' 338

7.2.3 JT15D ATMOSPHERIC COMBUSTOR TESTS:

op

Ry

+» Combustor Configurations - 2 (Bill of Material and
Rich Front End)

b}

ad
»

+ Fuel Nozzls Tyres - 2 (Simplex ard Airblast)
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+ Operating Cycle - To simulate JT15D-5
+ Test Matrix - Data Points
Thermal Paint 2
. Temperature Traversing ’
Steady State Performance 80 j
Stability (Lean Limit) Ti;_:_ 5

7.2.4 COLD START TESTS:

« Test Vehicle - PT6A-65 Engine

o Test Facility - National Research
Council, Ottawa

« Combustor Configuration - PT6A-65 Bill of Materials

« Fuel Nozzles - PT6A-65 Bill of Materials

« Minimum Temperature - -50°F (228K)

+ Data Points - 230

7.2.5 PT6 FULL PRESSURE TESTS:
» Test Vehicle - PT6A-65 Gas Generator
o Stalchiometry Variations - 2 (Bill of Material and

5% Cabin Bleed Cor-
responding to Rich Front

End)
» Combustion Configuration - PT6A-65 Bill of Material
¢ « Fuel Nozzle Types 2 (Simplex with different
Flow Numbers)
' + Operating Cycle - PT6A-65
« Test Parameters - Metal Temperatures,

Emissions, Smoke, Pattern

Factor and Pressure Drop
etce.

« Data Points - 200
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APPENDIX A
lean Limit Test Data

NOZZLE FUEL SET P3 SET Tj SET W LL far
(MP,) (°K) (kg/s) ;
1
SIMPLEX JET Al 0.408 372.8 0.113 0.0041
0.414 372.2 0.158 0.0042
0.408 371.1 0.208 0.0048 !
0.412 371.6 0.241} 0.0056
SIMPLEX JET Al/Bl 0.400 373.8 0.111 0.0045
0.397 370.5 0.159 0.0044
0.400 375.5 0.293 0.0060
* 0.397 375.5 0.230 0.0071
0.400 375.5 0.113 0.0043
~ SIMPLEX JET Al/B2 0.404 373.9 0.113 0.0046
0.405 376.1 0.160 0.0061
0.413 376.1 0.205 0.0062
0.406 373.9 0.230 0.0068
0.402 377.8 0.108 0.0056
SIMPLEX JP8 Shale 0.416 375.5 Q.15 0.0040
0.414 375.5 0.161 0.0040
0.417 375.0 0.207 00,0045
0.408 374.4 0.238 0.0053
SIMPLEX ERBS-3 0.408 371.1 0.111 0.0065
0.420 373.3 Q.165% 0.0061
0.414 373.8 0.206 0.0063
0.411 374.4 0.245 0.0067
SIMPLEX Diesel C.412 376.6 0.109 0.0077
0.408 375.0 0.160 0.0068
0.407 375.0 0.206 0.0062
0.413 375.0 0.230 0.0062
. 3IMPLEX JP10 0.408 377.2 0.1l11 0.0072
0.416 378.3 0.162 0.0073
| 0.417 378.3 0.207 0.0122
t 0.414 375.0 0.227 6.0129
[ SIMPLEX Tar Sands 0.39¢6 375.0 0.110 0.0056
L-H 0.400 371.6 0.111 0.0056
0.393 374.4 0.159 0.0050
0.400 373.3 0.202 0.0052
0.400 375.0 0.227 0.0052
SIMPLEX Tar Sands 0.404 370.0 0,113 0.0057
H-M 0.407 375.0 0.162 0.0051
0.407 375.0 0.209 0.0050
0.404 375.0 0.231 0.0058
0.400 373.3 0.113 0.0055
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10ZZLE FUEL SZT Pjy SET T3 SET wS LL far
S

(MPg) (°K) (kg/
SIMPLEX Tar Sands 0.402 375.5 0.11¢5 0.0051
L-M 0.401 372.7 0.158 0.0049
0.399 375.5 0.204 0.0051
0.398 374.4 0.232 0.0056
0.407 373.8 0.117 0.0052
SIMPLEX Tar Sands 0.400 376.1 G.112 0.0065
0.403 376.1 J.158 0.0067
0.398 375.5 0.208 0.0078
0.400 376.1 0.231 0.0094
¢ IMPLEX JP4 0.409 377.7 0.115 0.0034
0.419 376.6 0.167 0.0037
0.4C6 376.6 0.200 0.0046
0.419 374.4 0.234 0.0062
0.408 378.3 0.109 0.9036
SIMPLEX JP4'B1 0.412 376.1 0.107 0.0042
0.408 377.2 0.112 0.0039
0.407 376.6 0.161 0.0044
0.413 375.5 0.211 0.0054
0.414 375.5 0.235 0.0063
SIMPLEX JP4/B2 0.408 377.7 0.115 0.0042
0.406 375.0 0.157 0.0054
0.416 377.7 0.206 0.0088
2.405 377.7 0.222 0.0100
0.405 378.8 0.220 0.0042
s IMPLEX JP4/2040/DF 0.387 376.1 0.108 0.0046
0.395 37646 0.109 0.0043
0.402 375.5 0.160 0.0051
0.393 376.1 0.204 0.0063
0.393 376.1 0.232 0.0072
DUPLEX JET Al 0.413 376.6 0.106 0.0059
0.408 377.7 0.161 0.0051
0.422 375.5 0.208 0.0055
0.419 376.6 0.232 0.0066
0.405 377.2 0.112 0.0058
DUPLEX ERBS-3 0.408 374.4 0.113 0.0057
0.409 373.9 0.156 0.0050
0.409 375.0 0.299 0.0065
0.404 375.0 0.224 0.0075
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NOZZLE

DUPLEX

DUPLEX

DUPLEX

AIRBLAST

AIRBLAST

AIRBLAST

AIRBLAST

AIRBLAST

AIRBLAST

FUEL

Tar Sands
L-H

JPL

JP4/ B2

JET Al

JET Al/B2

ERBS

Tar Sands
L-H

JP4

JP4/B2

SET P4
(MPg)

0.396
0.398
0.400
0.398
0.400

0.408
0.410
0.415
0.416

0.404

0.412
0.409
0.420
0.412
0.405

0.418
0.412

0.405
0.405

0.405
0.401
0,406
0.408
0.413

0.417
0.399
0.412
0.413

0.397
0.397
0.404
0.400
0.397

0.402
0.403
0.405
0.404
0.406

0.406
0.411
0.416
0.416

- 105 -

SET T3

(°K)

370.5
375.0
372.7
373.3
374.4

376.1
377.2
376.6
377.7
377.7

373.3
374.4
373.3
377.2
375.5

375.0
376.6
376.6
376.6

377.2
378.8
378.3
376.6
377.2

373.8
373.8
372.7
372.2

371.6
371.6
374.4
373.3
372.2

376.6
376.6
376.6
375.5
376.1

368.8
370.0
371.1
368.8

SET W
(kg /s)

0.112
0.112
0.159
0.204
0.228

0.114
0.157
0.205
0.228
6.110

0.104
0.162
0.228
0.112
0.201

0.113
0.157
0.208
0.231

0.102
0.100
0.157
0.205
0.226

0.115
0.159
0.207
0.230

0.112
0.112
0.158
0.208
0.234

0.113

0.160
0.203

0.228
0.113

0.116
0.162
0.211
0.236

LL far

0.0066
0.0067
0.0061
0.0068
0.0076

0.0029
C.0045
0.0062
0.0063
0.0031

0.0039
0.0055
0.0073
0.0037
0.0063

0.0103
0.0094
0.0093
0.0101

0.0113
0.0111

0.0099
0.0095
0.0112

0.0118
0.0115

0.01v4
0.0103

0.0104
0.0121
0.0101

0.0099
0.0105

0.0087

0.0082
0.0088

0.0085
0.0087

0.0090

0.0088
0.0085

0.0087

TN U Y T LTRSS TR O L WL VT S ST ST SNSRI TR TIV TR M




R .-

NOZZLE

VAPORIZER

VAPORIZER

VAPORIZER

VAPORIZER

VAPORIZER

VAPORIZER

FUEL

JET Al

JET Al/B2

ERBS

Tar Sands

L-H

JP4

JP4/B2

Lot e gl TNEA A

SET Pq
(MPg)

0.404
0.415

0.398
0.404

0.402
0.408
0.408
0.412
0.418

0.406
0.415
0.406

.0.415

0,404

0.40
0.40

0.405
0.400
0. 400
0.411
0.403

0.404
0.407
0.408
0.405
0.409
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SET Tj

(°K)

373.3
377.2
374.4
375.5

377.2
378.3
377.2
374.4
376.6

375.5
374.4
375.0
375.0

373.8
373.8
375.
37s5.

376.6
377.2
376.6
375.0
377.7

375.5
377.2
377.2
376.6
378.3

SET W
5

(kg/s

0.115
0.159
0.180
0.206

0.114
0.115

0.157
0.182
0.218

0.115
0.158

0.186
0.202

0.116

0.160
0.180

0.210

0.112
0.163
0.185
0.213
0.112

0.114
0.159
0.183
0.206
0.109

O TR TN ETETWA RGTR B A TR IR TN LR TUE L LT e

0.0107
0.0113
0.0148
0.0198

0.0064
0.0089

0.0098
0.0126
0.0141

0.0127
0.0129

0.0170
0.0152

0.0098

0.0131
UNSTABLE

UNSTABLE

0.0090
0.0124

0.0127
0.0152
0.0092

0.0070
0.0088

0.0119
0.0155

0.0069
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APPENDIX B
Cold Start Test Data

NOZZLE FUEL W far T§ T; TTL
(kg/s) () (*K) (sec)
SIMPLEX 0.9  JET Al - 0.0231 0.0253 289 288 15 |
0.0231 0.0248 289 . 289 19
0.0231 0.0219 256 256 10
0.0231 0.0208 256 256 9
0.0231 0.0190 256 256 25
0.0280 0.0173 257 256 15
0.0231 0.0172 256 256 13
. 0.0231 0.0167 257 256  NO
0.0231 0.0155 256 256  NO
. 0.0231 0.0026 243 241 12
0.0231 0.0218 243 241 10
0.0231 0.0231 243 241 NO
SIMPLEX 0.9  JET Al/B2 0.0231 0.0285 288 289 7
0.0231 0.0249 287 289 17
0.0231 0.0243 287 288 10
0.0133 0.0219 288 288  NO
0.0231 0.0212 288 288  NO
0.0231 0.0182 288 288  NO
0.0231 0.0371 285 284 4
0.0233 0.0314 285 283 18
0.0134 0.0283 285 283  NO
0.0281 0.0280 285 283 21
0.0234 0.0247 285 283 N0
0.0237 0.0238 285 284  NO
0.0233 0.0441 272 271 5
0.0234 0.0311 274 272 11
0.0233 0.0294 273 272 28
R 0.0234 0.0262 274 273 NO
0.0231 0.0300 255 255 15
0.0233 0.0243 257 255 17
o 0.0233 0.0243 256 256 20
0.0234 0.0229 255 255  NO
0.0231 0.0225 255 256  NO
0.0233 0.0218 257 257  NO
0.0234 0.0242 250 251 28
0.0234 0.0217 249 250  NO
0.0231 0.0259 242 242 8
. 0.0233 0.0237 242 242 6
%‘ 0.0231 0.0228 242 241 NO
Fk
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NOZZLE FUEL W far T§ T3 TTL
(kg/s) *r) () (sec)
SIMPLEX 0.9  JP4 0.0234 0.0278 289 289 4

0.0234 0.0275 289 289 7

0.0234 0.0223 290 290 19
0.0233 0.0213 289 290 17
0.0235 0.0192 290 290 14
0.0235 0.0182 290 290 25
0.0235 0.0179 290 290 NO

- 0.0231 0.0268 272 273 9
0.0231 0.0245 273 272 8
0.0233 0.0216 274 273 6
0.0233 0.0200 272 273 NC
0.0235 0.0176 272 273 NO
0.0235 0.0230 357 255 13
0.0233 0.,0220 257 257 20
0.0233 0.0197 257 257 22

0.0233 0.0180 257 257 NO

0.0230 0.0210 240 204 13
0.0232 0.0289 240 240 10
0.0232 0.0172 241 241 9

0.0231 0.0161 242 242 NO

0.0233 0.0269 244 253 5
0.0234 0.0182 244 254 20

0.0234 0.0159 250 255 NO
SIMPLEX 0.9 JP4/B2 0.0231 0.0251 289 289 10
. 0.0231 0.0197 289 289 14

0.0231 0.0173 289 289 18
0.0231 0.0144 289 289 19
0.0132 0.0125 289 289 22
0.0231 0.0114 289 289 NO

0.0232 0.0219 272 272 17
0.0232 0.0216 272 272 7
0.0232 0.0205 272 273 NO

0.0231 0.0240 258 258 12
0.0231 0.0203 257 257 15
0.0231 0.0174 257 257 16
0.0231 0.0159 257 257 NO
0.0231 0.0243 241 240 10
0.0231 0.0219 241 240 12
0.0231 0.0201 242 242 17
0.0230 0.0200 242 241 10
0.0232 0.0174 242 242 14
0.0231 0.0156 242 241 NO
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...........

(kg/s) ¢x) (%K) (sec)
SIMPLEX 0.9 Tar Sands 0.0212 0.0256 291 290 17
L-H 0.0231 0.0229 291 290 9
0.0232 0.0224 291 290 28
0.0232 0.0290 291 290 26
0.0233 0.0205 291 290 NO
0.0233 0.0194 291 290 NO
0.0229 0.0231 274 274 15
0.0231 0.0228 274 274 20
0.0230 0.0214 274 274 NO
0.0231 0.0207 274 274 NO
[
0.0231 0.0240 255 257 18
0.0231 0.0231 255 257 10
. 0.0230 0.0217 255 257 NO
00,0232 0.0257 245 247 5
0.0232 0.0242 245 247 NO
0.0232 0.0230 246 248 NO
0.0232 0.0224 246 248 NO
.0231 0.0262 242 242 12
.0232 0.0242 240 241 15
.0231 0.0237 242 242 NO
.0231 0.0226 241 241 NO
.0233 0.0265 241 248 NO
«0232 0.0249 240 248 7
.0231 0.0234 240 248 3
SIMPLEX 0.9 ERBS 0.0231 0.0250 288 289 17
0.0231 0.0248 289 288 16
.0232 0.0246 290 288 21
.0231 0.0241 288 289 NO
.0231 0.0226 288 288 NO
- .0231 0.0280 273 272 9
.0231 0.0274 273 272 5
.0231 0.0250 273 272 NO
.0232 0.0290 255 255 23
.0232 0.0280 257 257 9
.0232 0.0265 256 256 NO
.0231 0.0307 241 242 9
.0231 0.0295 241 241 24
.0232 0.0268 242 242 10
.0231 0.0256 243 242 10
.0231 0.0z44 243 241 NO
.0231 0.0226 242 240 NO
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NOZZLE FUEL ) far Tg T} TTL
(kg/s) k) (0 (sec)
SIMPLEX 0.9 JP10 .0232 0.0286 290 288 12
0231 0.0253 290 288 14
«0232 0.0226 289 288 22
.0231 0.0201 288 288 NO
0231 0.0151 288 288 NO
«0232 0.0282 273 273 9
0231 0.0270 273 272 13
0230 0.0254 273 273 NO
.0232 0.0252 273 273 NO
.023] 0.0280 256 256 13
.0231 0.0247 257 257 14
0235 0.0236 257 256 8
+0228 0.0222 257 256 10
.0231 0.0211 254 255 NO
.0231 0.0139 256 255 NO
.0231 0.0164 255 255 NO
.0231 0.0249 242 242 7
.0229 0.0243 242 241 NO
.0231 0.0241 242 242 12
0231 0.0227 242 242 7
.0231 0.0220 242 242 NO
SIMPLEX 3.0 JET Al .0230 0.0518 290 288 11
.0230 0.0500 290 288 8
.0231 0.0485 290 288 NO
.0230 0.0481 290 288 NO
.0230 0.0475 290 288 NO
.0231 0.0473 290 288 NO
.0231 0.0581 273 274 6
0231 0.0581 273 274 9
.0231 0.0569 273 275 NO
«0231 0.0556 273 274 NO
.0231 0.0545 273 274 18
.0231 0.0545 273 274 NO
.0231 0.0539 273 274 NO
.0231 0.0528 273 274 NO
«0231 0.0510 273 274 NO
.0231 0.0651 261 261 8
.,0231 0.0628 261 261 NO
.0231 0.0627 261 262 24
.0231 0.0616 261 262 24
0231 0.0690 260 260 4
.0231 0.0606 260 260 NO
.0231 0.0600 262 262 NO
.0231 0.0591 261 2061 NO
.0231 0.0568 260 260 NO
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SIMPLEX 3.0

JET Al/B2

SIMPLEX 3.0

W
(kg?s)

.0231
. 0231
.0231
.0231
.0.’31

.0232
.0232
.0232
.0232
.0232
.0233
.0233

.0231
0231
.0231

.0234
.0234

.0233
.0233

.0232
.0233
.0233
.0232
.0233

.0233
.0233
.0235
.0234
.0234

.0233
.0232
.0232
.0232
.0232
«0232
.0232
.0233

.0233
.0233

.0232
.0233
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far

0.0604
0.0591
0.0578
0.0554
0.0527

0.0610
0.0594
0.0551
0.0551
0.0527
0.0397
0.0330

0.0673
0.0673
C.0657

0.0651
0.0649

0.0718
0.9697

0.0703
0.0700
0.0669
0.0634
0.0595

0.0381
0.0362
0.0354
0.0331
0.0293

0.0504
0.0478
0.0456
0.0428
0.0422
0.0406
0.0389
0.0360

0.0470
0.0462

0.0453
0.0423

T
(gK)

288
288
289
289
290

272
272
272
272
272

273
273

269
268
269

264
264

261
261

256
255
255
256
255

289
288
288
289
289

273
273
274
274
273

273
273

274
262
257

257
255
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T3 TTL
(°K) (sec)
288 7
288 NO
288 NO ‘
288  NO |
288 NO
273 3
273 4
273 4
273 NO
272 NO
272 NO
272 NO
269 3
269 14
268 NO
264 NO
264 NO
261 NO
261 NO
257 13
256 19
256 NO
256 NO
256 NO
288 9
289 13
290 8
289 NO
288 NO
273 3
273 4
274 5
274 6
274 1
274 NO
274 NO
274 NO
262 5
258 22
258 X
257 NO
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NOZZLE

SIMPLEX 3.0

SIMPLEX 3.0

FUEL

JP4/B2

Tar Sands
L-H

W
(kg/s)

+0232
.0230
.0231
+0231
+0231

+0231
.0231
+0231

+0231
«0231

+0231
.0231

.0231
«0232
«0232
+0230
.0231

.0231
.0231
.0231
.0231
+0231
.0231

«0231
.0230
.0230
.0230
.0230
»0230
.0231

.0231
.0231
.0232

.0231
.0231
.0231
.0231
+0231
.0231
.0231
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0.0498
0.0439
0.0437
0.0432
0.0426

0.0496
0.0454
0.0418
0.0418

0.0522
0.0503
0.0491
0.0479

0.0692
0.0653
0.0598
0.0586
0.0582

0.0695
0.0677
0.0658
3.0627
0.0584
0.0535

0.0581
0.0554
0.0541
0.0529
0.0487
0.0439
0.0384

0.0652
0.0635
0.0626

0.0669
0.0650
0.0632
0.0608
0.0584
0.0565
0.0541

T
( QK)

241
241
240
241
240

288
288
288
288

270
274
271
273

271
261
261
261
262

257
257
256
256
256
256

288
288
288
288
288
289
289

278
278
278

274
274
274
274
274
274
274

TR IR N Y AT T AR TR TS T ST NI SR A TR R TP TE U TATE WL TS PN TR R YR N L A

TTL

(sec)

7

NO
17
NO
NO

10
8

NO
NO

4
11

NO
NO

13
18
11
NO

24
12
NO
NO
NO
NO

7

20
16
NO
NC
NO
NO

8
9
NO

28
NO
NO
NO
NO
NO
NO




= PAF PR TP AN P G TR T L AL AR AT il SLSL I RLNE S n Al f SRR S W, e e ) AL SR ALY ~|

NOZZLE FUEL W far T§ T} TTL
(kg/s) tr) (%K) (sec)
SIMPLEX 3.0  ERBS .0232 0.0647 288 290 3
.0231 0.0577 290 289 3
.0231 0.0553 289 290 9
.0232 0.0551 288 289  NO
.0232 0.0533 288 290 12
.0232 0.0491 289 289  NO
.0232 0.0443 289 289  NO
.0231 0.0661 274 273 . 3
.0231 0.0646 273 273 NO
.0231 0.0621 273 273 NO
.0231 0.0579 272 273 NO
»
.0231 0.0679 269 269 7
.0232 0.0649 269 270 11
LY
.0232 0.0651 265 265 20
.0230 0.0518 264 205  NO
.0231 0.0515 264 265 NO
.0230 0.0661 261 261 21
.0231 0.0653 262 262 NO
SIMPLEX 3.0  JPI0 .0231 0.0724 288 289 14
.0231 0.0661 289 290 NO
.0252 0.0658 289 289  NO
.0232 0.057% 289 289 NO
0231 0.0507 289 289 NO
<
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ENDIX C
Combustor Pressure Drop Data

NOZZLE We T3 P3 P P We )[TS
P3 P3
(kg/s) (°K) (MP,) (KP,) (%) |
SIMPLEX 3.0 0.126 500 0.455 11.68 2,569 6.20 |
0.182 375 0.340 25.50 7.492 10.36
0.206 572 0.684 24,46 3.575 7.20
0.283 617 0.904 37.11 4,106 7.79
DUPLEX 0.131 499 0.461 12.36 2,791 6.38
0.187 375 0.351 26,30 7.494 10.34
0.204 570 0.685 24,62 3.595 7.12
0.279 619 0.902 38.43 4,261 7.71
0.322 632 0.971 44,38 4,571 8.33
AIRBLAST 0.122 500 0.436 11.54 2.643 6.28
0.183 374 0.357 22.63 6,334 9.92
0.206 569 0.695 20.65 2.970 7.07
0.280 620 0.916 31.08 3.394 7.60
0.282 631 0.971 30.57 3.148 7.31
VAPORIZER 0.204 571 0.691 20.57 2,976 7.07
0.277 618 0.909 23.22 2,555 7.57
0.307 633 0.957 36.74 3.839 8.08
! 1
1
4
d
]
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APPENDIX D
Thrust Level Simulation Data

NOZZLE FUEL CCNDITION} HC co NO, |SMOKE |Ty-T3}|100~n
(EL) | (EL) |(EL) |NUMBER|(°K) | (%)
SIMPLEX |JET Al IDLE 5.75| 84.0 | 3.20 9 161 12.85
T.O. 0 462 7.75| 27 268 |0.11
JET Al/Bl IDLE 31.1 | 91.2 | 3.55( 11 127 14.45
T.O. 0 5.99]| 8.50| 35 277 |0.14
JET Al/B2 IDLE 24.9 (112, N/A 22 137 |5.20
T.0. 0 10.4 | N/A 46 315 |0.24
SHALE JP8 IDLE N/A | N/A 2.40 4 145 |2.10
T.O. 0 4.9 | 8.25] 28 268 |0.10
DIESEL IDLE 26.5 |118. 2.70f 13 160 {6.50
T.O. 0 9.08| 8.50] 43 257 (0.17
ERBS-3 IDLE 41.4 |105. 2.25 6 110 |7.80
T.O. 1.0 5.2 | 7.50] 45 285 10.21
L-H IDLE 7.5 | 82.2 | 2.65| N/A 125 12.45
T.0. 0 4.6 | 8.25| 29 263 |0.11
H-M IDLE 12.6 | 74.7 | 4.20] 22 174 |5.30
T.0. 0 4.7 | 8.80| 32 277 |[0.12
1-M IDLE 26.7 | 94.2 | 4.45] 15 177 15.90
T.O. 0] 4.7 | 9.00] 33 298 10.11
L-L IDLE 50.2 | 85.1 | 2.15 6 128 {7.00
T.O. 1.8 | 18.9 | 3.10] 43 310 |0.68
JP4 IDLE 5.6 | 72.1 | 2.90{ N/A 175 |1.95
T.O. 0 2.1 | 8.55] 27 233 {0.05
JP4/Bl IDLE 0 107. 2.70] 12 148 |6.60
T.O. 0 13.2 | 8.20f 39 275 |0.17
JP4/B2 IDLE 50.0 |100. 2.40| 26 115 |4.00
T.O. 0 4.1 | 8.35] 48 307 |0.10
JP4/204G/DF| 1IDLE 10.6 | 95.6 | 2.65| 15 156 |2.90
T.O. 0 10.4 | 8.15] 36 298 10.19
JP10O IDLE 31.8 | 87.0 | 2.20 5 100 |4.00
T.O. 0 6.0 | 7.90 4l 300 |0.14
DUPLEX JET Al IDLE 3.005
60% 0 2.51
T.O. 10.0 34 N/A |0.033
JET Al/B2 IDLE 4,520
60% 0 3.90
T.O. 9.70 36 370 {0.112
ERBS-3 IDLE 3.177
60% 0 7.78
T.C. 8.10] 42 301 {0.102
L-K IDLE 2.591
602 0 5.41
T.O. 9.05{ 39 347 10.057

..........
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NOZZLE FUEL CONDITLON{ HC CO | NOy |SMOKE |Ti-T3]100-n
(EI) { (EI) {(EL) [NUMBER|(°K) | (2)
DUPLEX |JP4 IDLE 2,182
60% 0 5,70
T.0. 9.20| 17 | 334 [0.049
JP4/ B2 IDLE 7.409
60% 0 6431
T.0. 10.3 | 47 | 357 |0.095
AIRBLAST |JET Al IDLE 5.641
60% 0 6.11
T.0. 9.45 7 | 307 }o.041
JET Al/B2 IDLE 6.883
60% 0.6 | 10.3
T.0. 10.0 15 | 316 [0.153
ERBS-3 IDLE 10.05
60% 1.4 | 5.47
T.0. 11.0 7 | 291 |0.057
TAR SANDS 30% 0.800
L-H 60% C 4.61
T.0. 9.50] 5 | 289 [0.060
JP4 30% 0.471
60% 0 3.63
T.0. 7,201 2 | 292 [0.043
JP4/B2 30% 0.751
. 607 0 9.52
) T.O. 9.30] 6 | 297 |0.091
L . -
E:: VAPORIZER|JET Al 60% 2.91] 21.07 0.754
T.0. 7.60 1 255 10.077
W JET Al/B2 60% 5.17] 38.71 1.377
&: T.0. 7.35 3 270 ]0.545
%
o ERBS~3 60% 4.01| 33.38 1.148
: T.0. 7.80y 2 | 217 l0.125
A TAR SANDS 60% 2.48| 23.68 0.787
T L-H T.0. 6.50[ 2 | 289 |0.258
LY
e
il JP4 60% 1.73) 22.85 0.097
i T.0. 6.70 1 259 10.:19
.E‘: JP4/B2 604 C A S oAl ' LY
e T ; ' A T T L
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APPENDIX E
Power level Simulation Data

NOZZLE FUEL CONDITION| HC co NOy |SMOKE |Ty-T3|100—m
(EI) | (EI) |(EL) |NUMBER|(°K) | (%)
SIMPLEX |JET Al 1DLE 5.97| 91.70| 2.40] 25 141 [2.62
T.0. 0.36| 12.64] 6.80] 47 258 |0.352
JET Al/Bl IDLE 17.34] 79.72( 3.20| 24 166 |3.03
T.0. 0 9.80| #.90| 49 241 [0.205
JET Al/B2 IDLE 18.90( 90.72| 2.05| 28 129 |3.45
T.0. 0 6.26{ 6.75| 50 305 |0.149 ‘
JP8 SHALE IDLE 7.01| 78.64 2.45] N/A | 120 |2.35 |
T.O. 0 5.77| 8.00] N/A | 288 |0.125 |
DIESEL IDLE 42.18] 92.28| 2.78 9 146 |8.00
T.O. 0 3.60| 8.50] 28 308 |0.118 |
ERBS-3 IDLE  |34.64] 98.62| 3.50{ 9 62 {5.30 i
T.O. 0 11.55] 9.55] 39 252 |0.280 |
L~H 1DLE 12.53| 73.42| 2.40] N/A 91 |2.80
T.0. 0 4.11] 7.50] N/A | 297 |0.105 |
H=M IDLE 29,73{ 65.11] 3.40| 18 104 |5.20 |
1.0. 0 7.211 9.35 35 [ 273 |0.168 ‘
LM IbLE  |27.78] 87.40| 3.55( '3 | le4 |4.30 1
T.0. 0.37| 4.00] 8.50{ 27 272 19.130 ‘
L-L IDLE 28.50| 74.65| 2.75 9 124 |4.00
T.0. 1.34]1 7.21} 8.40| 23 305 10.278 ‘
JP4 IDLE 6.69] 68.18| 3.40 7 182 |2.15 !
T.0. 0 4.55| 7.70| 28 302 |0.113 |
.l JP4/ Bl IDLE 14.02| 90.81{ 3.25| 23 166 |3.30
JP4/B2 IDLE 9.77| 86.41| 1.85 28 155 |2.85
T.0. 0.59] 6.29| 7.85] 34 314 |0.220 !
JP4/2040/DF| IDLE 29.24| 86.9 | 2.30] 14 139 |2.60
T.0.F 0 7.29] 6.95| 39 289 10.180 |
JP10 IDLE 33.06| 80.39| 1.80] 11 N/A |4.80 |
T.0. 0 6.26{ 7.55| 28 294 [0.145
|
2 |
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APPENDIX F
, Parametric Test Data
NOZZLE- | FUEL . P; | far Qtag CO (NO, |SMOKE [T =~T3|100-n
ey (MJ/m?hr) [CEL) [(EI)|NUMBER|(°K)™| (%)
SIMPLEX |JET Al .480 ].0184 20.3]| 5.0] 3.6 | 250 | .471
.480 |.0206] 391 19.0f 5.1} 2.2 | 261 | .441
.491 {.0228 19.1{ 4.6| 2.4 | 146 | .44
.605 |.0206 11.0| 5.7] 5.9 | 284 | .256
1.01 |.0207{ 1272 4.1 9.0] 25.9 | 338 | .096
1.61 [.0213 2.7| 9.3] 20.3 | 364 | .0e%
2 ' JET Al/Bl | .489 |.0182 21.6| S.1| 9.3 | 275 | .502
489 |.0207( 549 i8.3) 4.9] 11.1 | 266 | .426
<491 |.0225 16.7] 4.7]| 13.0 | 272 | .389
.601 [.0210 12.3{ 5.8 22.1 | 297 | .285
1.01 {.0210] 1450 5.6| 7.6] 42.8 | 315 | .129
1.61 |.0209 2.90 9.5| 30.8 | 343 | .067
JET Al/B2 | .499 |.1078 26.0] 5.8| 17.0 | 235 | .712
: .499 [.0203] 603 24.6| 4.8 24.8 | 236 | .572
<496 |.0222 22.6] 4.7} 30.3 | 247 | .524
.617 |.0205 14.9| 5.9] 35.5 | 268 | .347
1.04 |.0205| 1459 6.8) 7.3| 32.5 ] 292 | .158
1.64 |.0200 3.4] 9.6 37.1 | 307 | .080
SHALE JP8 | .501 |.0180 17.3) 5.1] 7.1 | 257 | .402
.492 |.0207] 344 16.41 4.9] 2.8 | 251 | .382
<496 |.0224 13.7] 4.9 2.8 | 269 | .320
.601 |.0204 9.4) 6.6 13.8 | 298 | .218
1.02 [.0204{ 1312 5.3] 7.4] 14.2 | 293 | .122
1.62 |.0203 2.6| 8.2| 30.3 | 368 | .060
DIESEL .482 |.0185 8.7 5.0] 6.4 | 290 | .203
.506 |.0205 376 11.7| 5.1 9.7 | 267 | .271
.506 |.0222 12.9| 4.9] 4.6 | 265 | 300
.599 |.0209 7.6| 5.6 7.6 | 297 | .176
1.02 |.0208] 1354 . 2.8! 8.6 27.6 | 334 | .065
1.63 |.0207 3.4| 9.5] 37.5 ] 350 , .079
ERBS-3 .483 |.0181 31.4| 4.6] 9.9 | 208 | .730
.487 |.0206] 453 18.2| 4.3 10.7 | 246 | .423
.497 [.0225 15.2] 4.3] 14.1 | 253 | 353
.604 |.0209 9.7] 5.3| 26.6 | 280 | .226
1.02 |.0207| 1496 6.1] 7.2] 55.9 | 308 | .142
1.62 |.0204 2.9/10.9] 49.6 | 340 | .067
L-H .481 |.0183 16.6] 5.1 0.7 | 291 | .387
.500 |.0207| 454 15.1] 5.0 9.3 | 301 | .351
.512 |.0225 14.9) s.3| 4.5 | 295 | .325
.619 [.0205 9.6] 6.4] 18.2 | 316 | .223
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NOZZLE FUEL Py | far Q,ai CO |NO, [SMOKE {T{-T3{100-"
) (MP,) (MJ/m4hr) |(EL) |(EI){NUMBER|(°K) | (%)
SIMPLEX |L~-H <998 |.0212] 1446 4.2| 8.6] 34.5 | 358 .098
1.62 |.0206 2.4{12.7| 38.0 | 416 .005
H-M +492 |.0185 20.6{ 5.2 28.9 | 297 479
. <496 |.0206 462 17.0{ 4.8] 9.4 | 299 <396
+504 |.0240 14.4] 6.3] 6.3 | 304 .335
.606 |.0210 9.9| 8.1} 16.7 | 306 231
1.03 [.0214 1649 4.3] 8.1 43.2 | 364 .101
1.64 |.0216 2.7{ 9.8] 37.9 | 391 .063
SEEN L-M .509 {.0179 17.8] 5.41 7.9 | 277 <413
«495 |.0206 513 18.2| 4.7| 8.1 | 275 424
.498 |.0280 13.9]| 4.8]| 12.7 | 300 $323
. «612 |.0206 11.6] 5.5| 17.8 | 306 .268
1.03 |.0208{ 1631 6.0 6.4} 35.8 | 317 .138
1.62 [.0216 2.2110.5| 43.7 | 398 +051
L~L <490 |.0183 21.2] 5.6{ 13.9 | 285 <494
+500 |.0206 500 22.6] 5.2| 11.3 | 272 524
<494 |.0227 17.2( 5.0} 14.9 | 287 401
.612 |.0209 11.8| 6.5| 26.6 | 302 275
1.02 |.0232{ 1513 5.7 9.6] 33.1 | 334 .132
1.64 |.0216 3.3] 9.0 31.2 | 336 .076
JP4 .511 |.0184 19.5] 4.€] 0 175 454
+487 |.0210 193 19.4] 4,71 0.7 | 170 <451
+505 |.0226 17.0| 4.8] o 160 396
«613 |.0214 11.4] 5.7 0.9 | 191 .264
1.02 }.0217 947 4.2| 7.6| 13.0 | 231 .098
1.65 {.0213 2.5 9.1| 35.2 | 246 .101
JP4/B1 .512 |.0176 21.0| 4.4| 10.5 | 205 .488
<491 |.0204 432 19.0| 4.2] 5.5 | 210 442
+496 |.0223 14.0) 4.3] 1.4 | 244 326
.603 |.0203 10.2; 5.8] 3.9 | 248 .236
& 1.02 |.0207{ 1280 11.5| 6.5] 52.9 | 318 .267
1.62 |.0203 3.5 7.7] 46.9 | 299 .082
. JP4/ B2 .492 |.0187 20.4) 5.4{ 28.8 | 282 474
‘ .503 [.0104 624 15.8| 5.1} 37.8 | 305 366
.506 |.0227 10.6( 5.3] 36.3 [ 299 <247
.616 [.0211 9.9( 6.2| 35.7 | 320 .229
i 1.06 {.0218{ 1586 3.6] 7.8| 47.5 | 332 .084
1.62 [.0216 1.8{10.2| 30.4 | 352 .042
JP4/j2040/DF| .509 [.0183 15.2| 4.8 6.4 | 286 353
.491 |.0208 442 13.6| 4.6] 8.5 | 269 .316
.502 |.0228 11.5| 4.8]| 10.1 | 263 $267
.612 |.0211 10.1] 5.7] 24.8 | 292 235
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NOZZLE FUEL P3 far Qrag CO {NO, [SMOKE [T{~T3[100-n
(MPg) (MJ/méhr) [(EI) |(EL)|NUMBER|(°K) | (Z)
SIMPLEX |[JP4/2046/DF|1.03 |.0208] 1320 4.0] 8.2} 34.9 | 352 .093 J
1.61 {.0208 2.6112.7] 18.2 | 400 .061 }
JP10 .483 {.0182 21.9| 5.6] 17.7 | 240 «510 i
+496 |.0205 386 25.2( 5.3] 14.7 | 242 «587 ‘
.493 1.0226 20.0| 5.3] 16.5 | 255 <465
.589 |.0228 13.2] 6.6| 28.4 | 263 .307 ,
<996 [.0209( 1475 5.7| 8.5] 36.1 | 308 .132 !
1.60 {.0212 2.9| 9.9] 30.4 | 358 .068 !
DUPLEX JET Al .485 |.0182 19.7} 5.1| 2.0 | N/A 458
.492 1.0206 13.2] 5.6 0.8 | 290 .306
+493 |.0225 14.5] 5.3] 2.0 | 265 «337
.610 ].0206 9.1} 6.5] 5.3 | 268 «212
1.02 |[.0209 3.6] 8.5| ?8.0 | 304 .085
1.62 |.0209 2.2}10.1| 24.8 | 342 .051
JET Al/B2 .503 [.0179 : 23.1| 4.6] 20.4 | N/A «537
+503 |.0204 20.3) 4.7] 17.8 | N/A 471
«503 |.0221 18.8] 4.6] 20.6 | N/A <437
«620 [.0203 12.9{ 5.3} 37.5 | 275 «298
1.03 |.0207 5.0! 7.7] 35.9 | 320 J116
1.65 |.0215 2.7| 8.9{'33.3 | 374 «062
ERBS-3 494 [.0181 13.0] 5.9] 6.3 | 249 .301
.498 |.0207 10.3] 5.9] 5.9 ] 256 .239
498 |.0226 9.4] 5.6 5.9 | 271 .219
«618 |.0205 8.4] 7.3] 10.7 | 313 .195
1.02 [.0213 2.8{10.2] 23.4 | 381 .066
1.62 |.0215 1.6{12.1{ 40.8 | 372 .038
TAR SANDS .501 |.0179 7.4] 6.5] 34.7 | 275 .171
L"'H 0487 00208 402 802 19.9 233 0096
+497 |.0221 2.2]10.9] 17.9 | 221 +052
.611 {.0210 14.0{ 5.3| 11.8 | 331 .325
1.01 {.0215 13.9| 4.7] 20.1 | 369 .323
1.58 [.0226 10.9) 5.1{ 40.2 | 380 .254
JP4 «495 [.0176 N/A | N/A| 13.9 | 236 N/A
<495 |.0200 N/A | N/A| 10.8 | 246 N/A
+492 |.0238 16.4) 3.8] 4.3 | 269 .381
+600 |.0218 8.3 5.2 2.8 | 299 .194
1.03 |.0220 3.3] 7.0| 19.9 | 384 .077
1.62 }.0221 3.2] 7.2] 25.6 | 419 074
JP4/B2 .510 |.0185 15.9( 5.9{ 17.5 | 353 .370
«497 [.0210 14,1 5.1f 9.3 | 324 .327
.509 l.0231 10 51 5.0] 19.9 | 294 246
«613 |.0214 7.3] 6.8] 1l.6 | 322 170
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NOZZLE FUEL Py | far | Qrag CG [NO; [SMOKE [Ty-T3|100-n
(MP,) (MJ/m?hr) [(EI) [(EI)|NUMBER|(°K) | (%)
DUPLEX  |JP4/B2 1.03 [.0214 4.3[ 8.1 48.2 [ 400 | .099
1.63 |.0216 2.6( 9.8] 25.3 | 418 | .061
AIRBLAST |JET Al .492 |.0180 26.7| 4.6 5.7} 256 | .619
.492 1.0205 20.5| 4.7 3.2 ] 250 | .475
.491 |.0226 18.6| 4.6{ 2.6 | 245 | .432
.605 |.0206 11.8| 5.8] 2.8 | 254 | .273
1.02 |.0208 3.8 8.2] 10.7 | 278 | .089
1.64 |.0209 1.6/10.7] 18.2 | 343 | .036
JET A1/B2 | .503 [.0180 23.1| 4.6] 9.8 | 247 | .537
v 503 |.0202 20.3| 4.7 6.0 | 266 | .471
503 [.0220 18.8| 4.6| 8.4 | 289 | .437
.620 |.0205 12.9| 5.3] 12.0 | 300 | .298
3 1.03 |.0208 s.f 7.71 18.3 | 312 | .116
1.65 |.0203 2.6 8.9 24,1 | 404 | .062
ERBS-3 497 |.0179 25.6| 5.4 5.7 | 217 | .595
492 |.0202 19.8| 5.8] 6.5 | 235 | .459
.490 |.0220 12,5} 5.7 4.9 | 266 | .289
.601 |.0205 8.2| 6.6 5.5 | 278 | .191
1.01 |.0204 2.6| 9.1 16.5 | 296 | .061
1.63 [.0213 1.2]11.3| 30.9 | 353 | .029
TAR SANDS | .01 |.0212 6.4 6.4] 3.7 | 260 | .148
L-H 1.01 |.0211 2.1{10.3] 6.2 | 302 | .048
1.64 |.0214 1.5{12.5{ 20.5 | 400 | .034
JP4 495 |.0185 27.3| 4.4 o0 203 | .635
492 .0213 N/A | N/A| 1.2 | 229 [ :N/A
498 {.0232 21.1| 4.5 o 2640 | .489
.603 |.0218 11.2| 5.5 0.5 | 247 | .261
1.01 |.0216 3.3| 8.5] 4.2 [ 301 | .076
1.62 |.0219 1.6{11.1{ 15.3 | 338 | .036
. JP4/ 32 .509 |.0135 17.6| 6.2] 7.6 | 268 | .409
495 |.02i4 15.7] 5.5 5.9 | 279 | .365
495 |.0234 12.9| 5.6] 5.2 | 279 | .300
.606 |.0216 6.8/ 6.8 6.7 [ 296 | .158
> .999 |.0217 2.6/12.1] 10.2 | 407 [ .06l
1.61 |.0218 1.9/14.6] 18,1 | 436 | .044
VAPORIZER|JET Al 492 |.0182 124. § 2.1 1.4 | 150 | 7.24
.481 |.0207 116. | 2.5 0.8 | 143 | 5.54
.489 |.0226 103 | 2.7 0.2 | 141 | 4.14
.599 |.0207 56.3| 3.8 1.4 | 205 | 2.10
999 |.0214 7.8] 7.3 o0 292 | .182
1.65 |.0227 2.4(11.2| 4.8 ] 275 | .056
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NOZZLE FUEL Py [far | Qrag [ O "[Noy SHOKE [T4-73[100-n
: (MP,) (WJ/méhr) [(ET) [(ED)[NUMBER|(°K)| (X)
VAPORIZER|JET Al/B2 «488 ].0179 163 1e7| 4.5 | 142 |11.47
«498 |.0206 123 2.2] 2.6 | 170 | 6.22
«502 |.0224 108 2.7| 2.0 | 164 | 4.55
«615 [.0204 53.0{ 3.8} 2.2 | 229 ; 1.87
1.02 |.0207 9.3] 7.2| 2.8 | 314 + 259
1.62 }.0195 4.2]10.5| 6.2 | 260 «0%9
<487 «0206 13.4 2.3 1.8 N/A 03[05
+490 ]1.0226 12.0] 2.9} 1.6 | N/A +303
«597 }.0209 N/ N/A] 1.8 | N/A N/A
1.01 .0208 9.9] 7.1 1.6 | 232 «238
1.63 ].0208 2.6/10.1 6.9 | 246 «Q59
TAR SANDS «498 |.0179 144 1e2] 4.4 | 144 | 9.83
1~H «495 1.0205 114 2.0] 1.2 | 162 | 5.61
«+499 [.0226 93.3] 2.6f 1.4 | 183 | 4.16
«619 |.0209 50.71 3.4] 1.0 | 238 | 1.8l
1.02 [.0213 5.3] 7.1} 0.6 | 263 124
1.58 [.0206 1.5| 9.2} 0.6 | 267 .073
«-499 |.0212 62.4] 2.9] 0.6 | 155 | 1.80
«502 |.0230 62.8| 3.3] O 167 | 1.78
«606 {.0218 23.7} 4.7f O 243 «591
1.63 [.0217 2.8/10.1 1.3 | 256 +066
JP4/B2 495 1.0186 122, 1.7 1.8 | 151 | 6.00
516 |.0207 76.4] 2.4} 2.2 | 189 | 2.61
»502 1.0235 67.8] 2.9} 2.4 | 182 | 2.02
«613%].0215 14,1} 4.1 0.8 | 275 +363
1.02% |.0216 3.3] 7.7 1.2 | 374 «095
1.63* [.0210 0.2117.4 2.2 | 400 .005

*Suspect conditions (T3 not set properly).
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